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FOREWORD

A1len Rubin, Geophysics Laboratory

Since the earliest spaceflights, spacecraft have been

plagued with problems caused by the harsh space energetic
particle and hot plasma environments. Some of the sources of

spacecraft anomalies have been discovered after years of

investigation, and engineering solutions for mitigating the
effects of environmental anomalies have been developed. Among the

causes of spacecraft anomalies are surface charging and

discharges (ESD), internal charging and discharges (ID), and

single event upsets (SEU). The present publication brings
together information about these three anomaly mechanisms and
methods which have been developed to date for avoiding or
minimizing their harmful effects.

Space systems are increasingly large and complex, and a
greater variety of spacecraft systems are proposed as time goes
on. The spacecraft engineer needs to consider these anomaly
mechanisms in the design phase, that the increased utilization of
space is not unduly hampered by anomalies.

This publication is a contribution to spacecraft engineering
which can serve as an Introduction to these three anolaly
mechanisms.
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There is amold adage which says, "Fool me once shame on you, fool me twice s.tmmcon me."
F-m"some time now Ihe satellite community has been surprised, if not fooled, by the anomalous behavior
satelliteshaveexpedew_ from_ _ (ESD). inmnul disch_e (ID), andsingle c.,cnt upset
(SELl) IMtenmaeu. Beth the fnxlUency and severity of these upsets have been much more Imublcsomc Ihan
had been mlicipled. Chapter 5 coveas but a few of the _ impact problems which have rcsulle,d in
evefylldng from • mere nuisance to the loss _ a multimillk_mdella" satellite.

For those who design, fabricate, and operate lhese complex and expcmsive satellite systems it is
time to say, Wes, we we_ fooled, but we Mmllnot be slmmed, because we me _ng m _ _ _iM
ow next _ of space assets m be immune m ESD, ID, md SEU upset pgznmaena."

This wi9 mqlebe a diedica_ effort m ,he lain of _ associated with the ira)gram. Systcms
mehi*em, q_mmim wn,m. mmim Jmn. ol_iom pmemd, md an syama cmmmm,s _
dledicme _ to the kka _t hmdneu amwmce allakm ESD. ID, and SEU will be m imegral pan of
lheirchum, The a_nelbzss_ suchammmlmM isabo mnpemm, f_ unless_ _ ase

_n'bed m a me omel d a l_g_a (whhm _ w mmfm), nhedeied Mmu_y _ _ _ w
be_ m leu _ h acol_ way.

Rekn Preen
itmlimim Cmmmmls lac.
(ktldbw 14, 1_7
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ABSTRACT

Anomalies on sp_ec_t can be avoided by _g their mechanisms and causes. This
handbook discusses single evex, t upsets (SEUs),. surface charging and discharging, and internal or deep

dielece'_ cg',arging along with methods available for the reduction or elimination of the effects they can

causein spa:ecraft.
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Chapter

1
Introduction

I II I I IIIII IIII

LL ]_qmmm_ d rm_r_ fw ]_,m,_

'l_ k m mdmv_ m a_ qmz alrmm p_mzms mo_ dmm_rm_r dmm_qz_fic _ _ _
cmm_amamm_imqpmm_0mm."rm_dm_m¢ (n)adzedmq_ndJ_nm_mOB_),(2)immJ¢
nmddiaclm_ OD)._1 O) dm_ _ qmm (Si_. F,_ d ka¢. imimmm _my.nmsImm ¢m_ in _
nnnm__ Au_l.4hoeSIm-eutpupum wJldmt _#4heecbm'eueeevlmmuema_ Jmdmedeffects. "
Imblica_ is Im_l a me _ d rummypqmmm. So_ _bel,/,mmi,lm_ mm,k_m_ co_mm J
bqinmimSof ¢Mirpimp8 md dmi_ mhmsJmmed¢w Jemms of himmythe Mfd way. Sow we_ foced
pioueerhey,ways _ burSaS imUumm_. mben pmved_ mait d _,_pm deveaa_ amprior_

lampmias spree envboumuml mlRmn imo a propmn beaefiU dnedesiln, imllmemation, sest, m
olmmion of a qmc¢ syssem.In the early phases _ a pmsram, cemsidmm_ d nbe _ results in g_
design Irades fm Ibe syslm_ aud a sound slmle_ for dealing wilh each edTecLDuring bnpkmculalion and tc

proper_ comsidemm resulmin ¢alistic tests (ascomlmredto under-or over-um_0 andinsu_
all of the dmils included in the original plmming are actually cmied out in practice. Rnally, in the oper_
phases of the spce sy_m, _ operadonal supp_ alerts ¢be system m the local comdidons the _
expeda¢_ md makes ldmmi_ easier md mine effec6ve. _ the resulu of each system, especianl
mmnaous be_vinr, _eaests emre,_Sm md he_ deve_ _ pocedmm _ me by _e sys_m(
experkncing _ _ _ m_

fuuae, the e_ ased bt developing d_5 _ nmy not be dkecdy applicable, bat the general Ic'
aUenU_n to the _n_mmm and alermess to its effects will, we belk.ve, sd]] be valid.

1.1.1. How a Satellite Failure Leads to SCATHA

Oue_thefu3tDSCSsmelliaes-amilim_ " " melli_-fail_l. When that occu
massive ¢ffem was made to uMmsumd d_esource of the anomaly. Were enemy smelli0es degrading ow sat_
pe_fa_mce, was lhmea basicPaw in Ih¢ declmnics, or _ asyet unknownphysics involved in ixoduci
amomalics?Wl_iicsmqlRmsilio_ranfrom onecxwP,m¢ Io anode, SIz_mamDeFmestobserveda c_
pbemomenoe mt ATS-5 mKI6. Duming_nes when ghe n_ was disturbed, his particle speclron_
observed that the entire sa¢llite charged (DeForest, 1972). Enviro_men_ data from ATS-5 (Sharp et al.,



Mtowedthatthemviromnem could be chmgterbed byplmmaswithelecttondensi_-0.1 to 1.0cm 3 and

uaqgratateschmgterimdbykT,, I to20keV. It was readily conchtded frem this that the spacecraft potendal
could reach minus 10 kilovolts. At potentials of 10 kilovolts, discharges could easily be imagined, and the source of
the anon•lies was suspected to be those discharges. A number of investigators began piecing together partsof the
puzzle. Engineers examined what effect discharges would have on satellite electronics. Space physicists investigated
the environment. Material scientists examined typical si3acecraft materials to determine their charging characteristics.
Physicists calculated charging as a function of geometry, sunlight, and mate_ds. By 1973 both the Air Force and
NASA were aware that they had many c_mmon technology woblems when operating in a space environment. In
1975 a joint pregrmn to investigate spacecraft charging was begun which included a spacecraft devoted particularly to
ug the envimmnent and its effects. The P78-2 spacecraft (launched 30 January 1979) had two initial
objectives: to measure the charging mgl to ngasme material effects (Shame, 1977). Other parts of the spacecraft
chargingat highaltitudes(SCATHA)programincludedgroundexlgrimems andthedevelopmentof a computer
model for chwging of _t Maces - NASCAP (NASA Charging/Analyzing Program). From this effort a
nmnbw of en_ interaction studies have evolved. Guidelines, rules of thumb, and specifications have
resul,,ed from asme of the data coilect_ Other investigations have grown out of the original SCATHA effort. The
Combined lteleme lPaMrmtiemEfltgts mtdlite (ClUtES) is m eat•pie of a qmcegma, like W/8-2, which is designed
to me••re md qumffy mvimmnetmd interactions so that mmmdom heturvior of qxgecraft cm be undersuxxJand
centroned.

Faflues of cemplme specemh, such as the eady DSCS failure, we mpleasmt Lmg investigatiom are
cemy. As Geeq_ brow mmd _- a mmmry of _ expaience withDSCS, "Oerexpmage ee eg DSeS
meaitm Im bern that a iPeat ded of effort wm nguinal to idemify the mmem of momahm helmvior, whether
intemalordmtotheambiemmvimmmmt, latltelimdmul3mb,;-spiwofconcmmrm_'dma:tivcwork" smneo(
the czmdmkxm tim the mvimmmmt was the mmt likely ca•mire smmm wme mired at by m eliminntion Wocoss
rather Ibm by a •me din:ct appmEh hecmse of dte lack of diagnostic dma." It is ingporlm then nnt only to design
inm_ity mto eEh aew qat0e Wmem Imt m Wqx_ f_ fmme _amm by moJmiq aml _ on mmmal_

1.1.2. C_ts et • _ lhrqrma

Viewed as a whole the cmt of 8 well integraled _ program as lint of the tolal system program
more llmmoffsets its cost in tenm of getmfit cmts. downtime, eme of use md telinbility. It b estimated that to
hRden the shuttle would have cost about 5% of the total system cost if its threat envimmnem had clearly defined and
tl_.._ewas a commitment to design for immunity from the start of the _. To retrofittheshuttle after the
design was complete would have cost 35% of the total system costs. A large part of the increased cost is the
redesign needed to acomnnmd_ _ requbed for hmdening. Real cost savings can result from carcful
planning which includes envimmmmttl considerations from the beginning of the program.

1.1.3. System Test Plans

Systm testplansare_ (kcmnemsrf :_,ul carryin theprogrmnby the SPO (system pmg_
office). Figure 1-1 shows the relation of space environmental obsetvalim_mecam to the system plans. At the
stm'tof a progn_ the iibely envimmmental conditiom me specified as mt input in the system requirements. How
well the system will reqxxtd to these wedicted envimmnents or wot,_tcase etwimmnems is assessed during the
l_.limim_md criticaldesignreviews.Reviewsbyenvimmnen_ qxcia]ists of actualhardw_e aswcllasdesigns
during the _ phase insure that design trades are cmyied out aEI woblems avoided p6or to testing.
En_ lestsI_or _ Immchm',covermy envirommm_ problemswhich were ne( correctlyaddressed.A
fmal review of envkonmmml mqleigmems specified at the startof the Wognmmprovides environmentalupdatcs/alcns

which eextmed duringtheprogram. Followinglaunch,on-orbitcheckoutusesenvimmnentalpredictions andreal

time data to qualify the system and as input to anomaly scenario planning as needed. During the useful life of the
system, environmental forecasls axe used, md anomalies reported. Flight experience and environmental monitoring
of the real system make an important contribution to the next generation of space systems.
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1.1.4. Successful Tests

The success of tests (both ground and opevalionally on orbit) is aided, or even hinges on, timely, accurate

m the extent poma'ble) space en_ observations/forecasts. Appendix 3 lists both meastered and predicted
nvimmnental databases available for the syst_.m developer/user. The functional effectiveness of the entire system is

Jmmced by the timeliness and aecm_y of environmental specif.:aft(ms, im_liclions, and measm-ements.

The ground woce_ing function, where output data consist of or contribute to decisions, is enhanced by

actoring in (or factoring out) the known, measured, or wedicted state of the environment. Appendix 3 lists sources

pftl_ kind of envimmnental data. By correlating certain classes of anomalies with the environment and having up

o date environmental informmion, ur,expected ammmlies can be quickly categorized and resolved.

1.2. Structure of' this Book

Thistextdeals withthreeUmdsof anomalyproducingeffects of a chargedpanicle enviromnent: surface
liackaq_ iamml _ and sk_e event qmm. Vadom uses have bern givm to tbc effects we wish to
alk dxag smface disdtarMes or ekctrmtat_ discharges (I_Ds). iatenml _ aml single event upsets (SEUs).

Surfacedlghaqp:s a,_ sonctmtes n:fcm:dmas ekcumu6c discha-bes(ESDs)Mthoqghthereis notmuch
mic Mxm ]BSDLAt otlm"time#mera:ecimqOegis whati meambyqm:ecaaadmqgi-,g:_,.spacecmft
:kaqgiq i# maw/timea umd m a much wider term i wh_ aU ikammma mmhiq Chargiq me m[_ m.

_mxrmempg in _ wiJm Jem i_tm_ _ffie M _d m tat ctmiog mt diaghmg_g _ F_
:_dty ia t_ tm we Im¢ dividedqEm_ ctmg_ into two lmU: dmge beiMupme _ on thesurfa_ of
_e qmcmm.-.._ draw t_p and,rm_ume in0ffiiffim me qm_m. "n_ is, _ _ eet'm_oa
,_cu= it mpmmesthe_ of coucemimotho_ pmic_ ke_"""_mtow_ in the_, _ _
aim mffa:imatumiD, m pmmme me Mdaof me qmagma and depmitdmqle imide the spmemta. |t is notaciem
Jivimkmfromthepeimof viewof thechaq_Imildmpmd digha_= ptocem__ _ _ w_h
pmmmBthe d_ of k qmagndt maybdp teiMep ctmlc m t_ surfaceof mmsimb _ m _ __ in
_ucdy thenine mm_r as drops Imildupmd diEIm_ on tl_ _ of t_"_ Howev_. onedocs not
meed to cemkkr chatl_ lmticle _ to firm oedier, to calculate dm_ Imiklup m tbc _ _ _ _ec_t,
,,hireeae dem n _ cha_ taik_ in,mior m me s_mma.

Int_ disch_ we also refennd to as electma camed ekctr_netic pulses _ and m'c the resuh

_fm_mal ctws_¢, daep dieJmriccharsins, or spEecr_ charSi_
SingJe event upsets or SEUs are also called bit flips esl_ecially whea soft estors ale meant. By soft errors

0he usually means e_rot3 in the sense o_ wron_ bit values, but not with da_ to dte ha_. Single event upset

as used in this book rcfea3 to the chan_e of a bit in an integrated circuit (IC) by a singl_ i_ie during which no

dama_ was dooc to the IC. ltecent rescan:h susp:_ts that a more dcsCrilXive name woukl bc single particle

phenemgaa, with single event upset, or soft error upset as a subclass of the larger phenomena. In fact certain

btchul_ of ICs have been attributed to single heavy ions passing tluough a sensitive region of an IC. Tbcsc

_ a_¢ not included in the present text, but the rendeg sl-,ouid bc awa_ that this field like any other

dynm_m_aofxesemch will chan_e as _ is madeinexpiori_and_gthe_ effects. We have tried

Io be _ with otw terminology0 lint Ihe reader should n_ognJze that various names will continue to bc used to

ref_ to these effects and that new nmnes u well m new aspec_Is _ these effects will coalinue m be inlroduced into
the litermme.

1.2.1. ElectrmtatJc Surface Disclmrges (ESD) - Clmp4er 2

C_pter 2 is concerned with surface dischamges. Ekcumlatic discharges occur when differential charging of

adjacent pros of a space #ymem exceeds the Meakdown potential of those pens. Charging is woduced whcn a solid

object is inunegsed in aplasma(l:igem_" 1-2). Typicallypotemial diffegmceson the order of S00 volts are nccdcd to

produceESDs thataresignificantto an operatingsystem(Figure 1-3). The environment which causes surface
charging and eventually ESDs b primarily the plasma envkonn_t which b clm'lclerized by the electron and ion

tempetatm_ and density. Near eaalh the ultraviolet flux from the. sun plays a key role by releasing electrons from the

material thnmgh a process calkd pholoemission. The material characteristics of bulk conductivity, surfacc



cmdu_, m_dmy mium pr_m_s, md _ _ _ _t m_ _ _ cha_c_
_ nhesmlr_e.. In m_ly _, _I_ imI=m_l _ a _if_m s_fac= is d_=miKd by n_lui_ _kt _'_ net c_n_)t _ _]

A m_M_" _ dl=sig_mm=su0_it, ll_t, aml moniloring I_ a_ availab_ to conlxola _ _m's
ESI:)s. la somecu_ dmi)_ sl_cific_oas md _ ha_ bern _4ish_l which a_ al_i_l _o_ _I
_ _h MH.. _)ecs; _, it is _ always wi_ to cu._omiz_t_e specs_ _ _cul_ _t
in_e_l m as_em. Ifno_n_ else,_s u_es d_ _heeffec_isunders_ed_ _hel_O_m affe_ed,_d _

meal_ demmds _e n_ mu_ng pro_am re_au_es.

:_ismu):

Flgm'e 1-2. Sm'face _ RcsultF-mal Clm_ BuiltUpm abe Surfaceof the Spa:ccra_
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cs of this dmrging process is very similar Io the pimmmdTects coven_d under ESD, M _ _ cl_s _
=reI_a_alg _ the "surface" of thespw.cx:gaftand _ dtarge on amdwithinmaterialsinsidethe
cr_t(fig=e1-4).
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ademon _ eavimmacm,dte d_iek'_ providedby _. spacecraft,tbe _ which ischarging,andthe
tcmj Of ekeckurgedmmmri_ Syszm resimee¢Io imemalchacgieg_¢nds on Ibe locationOf Ihc dischargeand
ensilivityof the circuits. Sinceinicrnaldischargecanoccmrwilhm Ibe circuitsthemselves,dischargesthat
d go unnoticedon theexterior(dra spacesyslcmcr' be msnil_,nt whentheyoccurintcntaJly(Figure !-5).
is an areaof currentresearch;noncdlcJess,variousolXionsare availablefor testingandcircumventingIhccffccLs
Ler,ml cha_in 8. For specificmissions,crilmiacan be generaledwhich will climinamor reduceintcrnal

30 V

1V

_ Typical ID pulse

1

Pulse width (nanoseconds)
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Figure I-5. ID CIw_leristic& Typical ID pulses are geecraled on Rasmuddy small surfacc
areas or in small volumes of insulat0t_ and so range from 10 to several
hundhredmiHivolts wilh pulse width in namsef, onds.



1.2.3. Single Event Upsets (SEU) - Chapter 4

Chap4_ 4 is cmgcmed with single event upsets. Single event upsets occur in mk_oelectronics,
s/ngle pw_le, usually a heavy ion or IxoWn, deposits enough charge at • sensitive ntde m the circuit to
circuit to change state. The feature size of the electronics helps determine the sensitivity as well as the p
ofasingleevem upsetcccunin¢ In_ n_stsimplified_, anSEU isadeedm_ _

panicle deports suff'JcJemcJmrgealong a sensitive psth in a device the event will occur, This is illustrat
!-6. In the first pegt a s/ngle heavy ion which is losing energy by ioeizing the atoms of the _ it i
tlwough happened to pass throu_ a (kpktimt region of m off trmuis_ in a flip-flop c_ Depending
cha_,ecollectionefficiencyofthedeviceandtheresomsetimeoftheflip41ep,d_iscan_ _ _

state. In the second example in Figure l-7,alwoU_ causes the same reaction in the citcuit by meansof!
a nuclear reaction in or vc_ close to the semitivc region. In extrcme cases, it is ix3mble for the proe_ t
SEU directly. Howev_, pints _h are smsitive Io pmmm di.,ec_ are _ _ f_" spice _

Single
Direct Ionization

Mechanism

ion track

sensitive region

Charge collected in this
region during particle
transist can trigger a
change of state of the
memory

induced

particle
ionization along the
track

Rp,_l.5. Din_Iooizm_SEU. Sens/dveresi_mtypicallythedeptamreg_,
ai_ough cha_ can be coflecJed a comidem_ disumce from the depletion _g
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region during particle
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change of state of the
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A nuclear reaction of the

incidem proton in or near

the sensitive region creates

a heavy ion which deposits

enough charge in the

sensitive region to cause
the SEU.

Fi_ I-7.Pmu IM,¢_ ssu. scua_ R_io= i=mpe=_ _ _ R_oa,
=l¢l=_h d=mlp¢m I_ ooib¢_ ,, ¢omkk='aM¢dim=_ _ ¢_¢
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meet the ndidlty .Xlmmmm d the nismL Oe dteekr hind. m SBU me _=ch is iar_ ompnmt nothe dm
ac_uisitmamecf abemissm my _qsi=ea==apSe m_k=sipof=heelea==k== ==t a= =i=m _.

Cum_ puCn=sksk desi=nofmsl_ md fss_K_sis,inabeolpini_ofsome_, _ng m
dneme o/ri_smM_I_ memineamlme_eEm_Jve _ SEU_.A comiderablee/_onIi bernqmn/indLcovednS
wa_ ',,_,id,. deq_ ¢,esmdl_izemd fw eleceesk_,keSEUr_e cm bemismia_L TkesewchnklUeSfe
=ucheda_i_lain"chapm asa _ __ _ aa¢theris_synemea_=eeri_so_ut_is_
_o(_ md Sl_ Im,d pmJ forq_d_"¢_



The_ are a mu_tu_ of environments which must be comsklenM in assessing the SELl rate (Table I

Not only are cosmic rays, specifically I_ heavy ion cmnlmv.ent, to be considaed, but protons and heavy iota
solB flares or in mlpped radiation belts camcontribute signifiramtly to the rate during critical times of tl_ mi
Even _ through • nuclear reaction have been postulated as causing SEUs. Therefore it is even more
important to recognize the spatial dependence of the phenomenon when considering system engineering ogtb
The heavy ices in the ear's radiation belts are most likely amenable to • simple mass shielding solution,
many times it is "impossible" to shi:;d against cosmic heavy ions. Recognizing the complexity and richrK
envimmnent as well as the effect goes • long way in leading a program to effective and practical solutions tc
possible SEU concern. N(metheless, there are workable and effective solutio_ possible for many SEU conc
Again the key is amearly understanding of the problem so that intelligent solutions can be found.

Table i-!. SEU Causing Environments

Particles Environment Rereads

He8_ imu

Prolmu

x_m_

Gdac_ Cosm_ Pu_s
So_ Fimes

TmmpedBelm

Gdac_ Cosmic Rays
Solar Flings

Trapped Belts

Packaging Mmem_
TrappedBe_

va_ higheneq_

flux; lower encrgy

smmner tlmmbelts

la,j: n_
huge flux: lower enC_lgy

radioactivedecay
see heavy ions
see hem-yions

1.2.4. Anomalies -- Clmp;er $

No single wad hides its signiJ'gance and impact as well as anomaly. Perhaps it is useful and use(
simply because it conveys so little infommation. It could result in the total loss o( a mission or could be a
but re:inconsequentialocc_. In this Ix)ok we are dealing with anomalies that occur because: a surfacc,
and then disctwp_ OF-_D);chargewasIxmrkxlinsidethe systemOmenud Discharge); or a single particle hit_
in just tbe right rammer to be noticed. It is ce_ainly possible that amy one of tl_ese oocumrencescould have
consequences. It is also possible that nothing of signifgance would flow from such an occurrence. Each s
individually needs to dmennine the impact of these environmental interactions. Chapter 5 describes some c
ex_ the community has gleaned in dealing wilh anomalies. To those pioneers who have gong before

g_vepraiseanddunks.
Tbe rme, _ aml tiber chmactg=_tics of each of the ammmudlesd_cgibed in this hook will

considerably from oue program to am3tlu=. What is importam to all wograms is that each of these phcnor_
and does occur, and that design, test, and opermiemd techniques exist which canmitigate the conscqucnccs
phcnongna. This text hopes to inspire programs to deal intelligently with the issue of environmentally p;
anomalies. _ to diligently report the anomalies which do occur. $ignif'gamt redoction m the amomalics pr
by ESD, ID, and SEU is achievable by the techniques described in this text. The difficulty of dealing with
anomaly depends in part on the rate of its occurrence. This is illustrat_ in Figure !-8 inmxlucod by Gcntq
when dealing with the single event upset problem which occurred on Galileo. The poim is that the difficu!
dealing with a problem is a function of tlg rmc at which it occurs and the ._.skone is willing to takc. In tf
thc rate were low enough it could be ignored: if it wcrc significant but small, timers or error correcting tcc



couldbereed:if it werehighenough,noneof theknowntechniquescouldbeusedwithintheconstraintsof power.
weqht, md schedute.
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Fqlm_ !-8. How Mach Troable m Anomaly Will Came a Pmlpam _oa How Ofton it
_pem. md HowSilptifam melaq_-t is. Eachpmem_ mom_ aeedsto be
evabmted _, team of itsrme of _ Tlmaewhich donotoftea occurme
in Jperd cssi_ n_d (C_ma__, privmc_, 1987).

1.2.$ Emzimeeriu¢ for Immunity -- Chapter 6

Sometimes it seems that the anomaly is the center of attention. However,the _ader shouJd not lose sight
of the fact that the elimination of anomalies is what is desired. Chapter 6 deals with methods used to control or
eliminate the anomaly. A system that doesn't respond adversely to the environment is what is desired, no matter
how intereslingthe pbenomenonwhich causesanomali_ may be.

In Chapter 6, methods which either eliminate or reduce surface and internal charging (primarily by:
providing conductive paths and incw.asing the conductivity of insulating materials,decreasing the coupling from the
discharge sites to the sensitive circuits through the use of a Faraday shield and filtering, reducing the flux of po_niclcs
incident on the volume or area of_ through the use of shielding, or reducing rite sensitivity of the victim
cisguit suscepu'bilitythroughgoodEMC practiceandcapful pan scleclion)mediscussed.In additionsomemethods
of actively influencing the environment to commi absolute charging of the spacecraft by plasma emitters are

discussed. As with all system engineering prebla_ care needs to be exercised to include the most appropriate
engineering response for a given situation. Monitors me described in the appendix which can be used to gathcr
infonnaticm on the environment, as well as determine the health of the spaca:raft and help delcnnine the cause of =ny
unfmcseen anomalies. With the ultimate goal of engineering for immunity let's examine in detail the specific
environmental interactions of_m here -- surface charging/discharging, internal dischmging, and single event
upset.

It is the hope of AFGL, the authors, editors, and the SEAREC committee that this book will enable space
systean designers, engineers, users,and programoffges to take advantage of the knowledge of the spacc environment
and its effects on space systems in the "community." We hope this book will lead to a bcuer understanding of the



smrface clm, ging/disclugging, intemM d_g, and SEll attomalies and their solutions. A complete system

design depemls on the im]iependem gimces whka'1 ate cenlral to these effects, i.e., space physics, material acienc

device physics, and system engineering. In the limited space of this text we will not cover each wca in depth, n
provide m answer book for all situations, but hope to point out the areas involved and give the readers a runni_

start on undersUmding the basic issues. In fact, many a_as touched on in this book are under active invcstigati

In general, anomalies such as the ones we have been discussing have three distinct levels. A system

approach allows the program to attack the problem on each level. No matter where the problem occurs, it mus

transmitted to its victim through some medium. This is illustrated in Figure 1-9. To attack the problem at it

source, one needs to modify or avoid the situation which causes the event. To attack the problem while it is I_

Environmental

Cause
Like any other system

Problem

Environmental

Requirements,
brmsk_ Goals medium of transmission

Systems Engineering,
Conr_Jra_on Management

tim

Electronic Design

Figure 1-9. Systems Approach

uansmi_ted to the victim, (me needs to modify or criminate the transmission path. To attack the Ixoblcm at tl

victim, one needs to modify the sensitivity of the victim to the signal which could disrupt it.

By distributing the responsibility for finding solutions to the problems of environmentally induccd
anomalies across all responsible groups, a program can elimin__.e in a cost-effective manner the effects of theu

anomalies (Figure 1-I0). When implemented with a suppo_ng environmenlal wngram am] provision for rcl

my anomalies thai do occur the result will be more reliable and cosl-¢ffoctivc space systems.
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1.3. The Bottom Li_

Ultimately, the cost of l_rfonning a missioa determines whether or not the mbsion will be doric.

Ultimately the quality of the system delen=ines whether or not the _jaan will be Bed. Eliminating aztomalics

tends to save operational costs, make the system more user friendly, mid make the system more reliable. A program
which is _lert to the effects and causes of anomalies from the beginning can design in immunity to thosc anomalics.

Even a program which discovers an anomaly late in its development can deal intelligently with it and produce a

system with some immunity. The costs of this effort need to be weighed against the cost of operating with thc

anomaly, and the usefulness of the system with or without the anomaly. Useful systems depend on doing

everything possible to produce a reliable design. In the long run, environmental anomaly control is worth thc addcd

cost and effort demanded of,.programs in the design, implementation, and operational phases.



Chapter

2
SURFACE DISCHARGES

7.]. _=¢=_

By =k=occ=m¢= d_. nm s_=_tckqiq Ta_k__ i _ ]W6, =h=tehadt
==ml_ _r _ _ m= _ ar =pc==_ =mr=c= o=_! k=l 0o====lom q===_t _mior.
Op=mim_ aoh=amsh=l _ fm_ rot =my _r mcs¢==m=_ o=¢=h qmca=_dmip _ _
a=demo_ _ oI"tim==_uly _ak (xmlliti(==i= dt m_telml_m Jelmmm_ a =_=i d_ for
"_" wink mcd m di=:ovcrd_c¢=m¢of k _omMy- q=:==_ clmlMI. 11_ _ Msom=x=c
therestof theworld the SCATI4A (Sl=:=_ CImlI_ =t ltilk AI_=_) prollrm _ would invcs_gme
_llCCCX_lll_l_ .&-tII n=suit_" II_ collm_=c_ aml m_fy imlXlllmC¢d _ _ m Simcccraft
_, much,_¢k hasIm_ din= k=mdema_lmg thccausesamdcmcsof _ _. Spaccc_t
charging brought together space physici_, engineew, and scieati_ to di.ccuss and review their work _ thecE
of spacecraft anface_ The SCATHA program, commcr_al, =ridmiliuw/immms have rcml0cd J several guide
on spaccc_t charging. Two ofthe mo_ popular ones wePur_et al., 19S4,and Vamlg_et al., 1985.

Spacecraft charging is the accumulmioa of charge on a spacecraft duc m its kncr'm:tionwith a plasma,
radiation, and particle envimsmtatts. The figure below from chalNcr 1 illustrates some of the corssiderations in
in spacecraft charging. The cmtoon in the left corn_ illustsmcs that the net cmxem tlnmngh a surface in the pl_
is zero. TldskkawiU I_ used mcalcula_equililwimn ¢lwgeconl'Wmmim= fm'_ Tl_upper rig_l=
cmner of Ihe _ ill_ tlg influct_e of the spacecraft on the _ The slw,alh region that forms arc
the spacecraft is a volume suongly effccted by the spacecraft. In this tcgkm the plasma is &stm_ by electric
duc1oIh¢ chargeoa thespacecraft.The sheath region is easily distorted by activity on the spacecraft such as I
fm_s whichcarrythe influence of the qmcecraft fartherinto the plasma. This region can be quit_ complex a=
dcpmds on the morion of rig qngcgmfk tlm_ the plasma = weU as rig pinsam _ _ _ _ _
of the spacecraft. TI_ Ixlttom pint of the _ focuses attentioa on the acttml _ at the surface of d
spacecraft. The derailed atomic pmpaties of the surface mma_ are of prime conc_ Iocany.
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FiBre 2-1: Spacecraft cluriiq

2.1.1 Outline of chapter

This aupe_.is_tsily dividcdimoscw_ majorsr_s. Afu_the _ (sa:tion l)mdso_
k,f'mi_ons, th_ is,, discuss_ or t_ c_ns rWaJ in d_siSn by _ anrS_ (_ _. This is t'onow_

_/a dis:ussionoftheclurgingmechanism(secdee3).Thisisessemiallyamoredetailed_ ofthe

_rSing 5Sureabove.Knowi_ ehemedmism _ Jmporum ton_opiz_ whl envkonmems rewesemathrea_to

_a:_'a_ olperl_ns; _ cm,'bonmem_ _ in _ion 4. Secdon5discusses__ _.
_,don 6 covenanuad_ orspececr_ersystemeffectsthatareJelamdtospececrahchining.Mitiptioe

_ thatcanbereedtominim_ apececaaftctnrS_ arecovaedinchap_ 7.

2.1.2 Deflmitiou

Surfacec_g isdef'medastho__ _ withthebuildupofcturge_ exposedex_d
u-facesorspacecr_ (Spacecr_cbJrS_ isa eeae_ ternform ehmq_dpm/cleimemc_m witha si_cecrafL)



In this chapter onr auemion is directed to surface chaq0ng, thm is ch_ing 4 the surf_ of _ _t by iu
immaclion with the space plasma, magnetic fw.ld, and solar radiation. In many situations this analysis is sufficien

because the pnlmdenmce of pmicles effecdng tbe charging state are low energy pmic_ in _ _
enviromnem In this context low energy means particles that clionot peneerate fin',her thim the first layer-of the

spacecraft, that is electrons up to about 50 keV and protons up to about .5 MeV. As illustrated in Figure 2-1, the
net currmt across a surface in _e plasma must be zero to maintain the overall charge neuuality of the plasma. If t
net charge flow across a surface is not zero tben charge must be building up on one side of tbe surface and decteasi,
on the other. Although this can happen for some period of time eventually a equilibrium value is reached. In a
plasma charge neutrality is maintained becaus_ of strong, long nmge elec_ forces. Across an imaginary
closedsurfacewhichislargeenoughtoholdasignificantamountofplasmathenetcurrentwillbe zero.Thisonl:

requires that the there are an equal number of charges ,*lowingacross the surface in opposite dbeclions. Any
isouepic flow will met this co_ition of zero net current. There me many other configurations which will preduc¢
zero net current across a surface in Ihe plasma. However, when a so_ surface (such as a spacecraft) is inserted
suddenly,cem_g currentsarenow radicallychansed,andfora limechargebuildupson,J_spacecraftuntilt

netcurrentacrossthesurfaceofthespacecraftiszero.Duringthispe_odthes_ accumulatescharge,forms

shemh, and if no d/scharges occur ¢vemually reaches a equilibrium wiZhthe slmce plmma and radialion so _u a
smfacedmwnmemdlheslmcecr_willmtlmvem_ynetcunem flowingflmmghi_Dependingon thegeoneuy

andmmerinlixepmim oftheslmcemh,diffegmchargelevelsmay eccurondiffaem_ Tbe wholepeu_

dislnbmionomm_lmemnd lheslmcecr_tcm bequi_cemplex.Tbe meclmmisminvolvedinchmgingslmcecraftw
be discumed in mme detail in sec_m 2-3

Two _es of surface clmq0ng cm be idemified. The fira, almlute ctmllinf, occun when the entire
simcecr_ im:mial is dmmlled n_five to eke ambiem space l_mma by the emmum_ wi_h _ m_L For
absolme ctwging the slmcecma imtemial ctm_ as a whore- k dietecuic suaace velm_s am "locked"m _
smm reeeMmce This of dmq0ngocms rapimyCmfnc iom of a secone3,typicdof az eme
mluiml todmqlek qmmraamhuesize camcimmce.

Tbe second tylpe,calkd diffmem_ chaq0ng, occms whereimm of the slmcecraa me dmsged to di_
pmeatials_Jative to each odtm'. This type of charging is more _ fmm m _ point of view. In
this type of chaq0af,, smm_ local ekaric fzids may exisL _ chaqing mmUy occms skm,ly (in minut
md resuhs in one pwt or surface being dmqled to a potendal diffensm horn flto-e of mher imps of the spacecralL
Dtffemuialchwgingcm ahoctmee tbealmime chargingk el of shesmzema.

2.2. Comcerms

The kinds of things that can go wrong wben cimrging is allowed to go uncheck_ as_: electrical discharg,
that couple into sensitive circuits, noise in dammd on spacecraft systems' wiring, acceksmed aging of surfaces,
increased contamination of slmcecra_ surfaces due to tbe reatUacdon of ontgas_ md ambiem mmerial, and U_e
comaminalion of sciemific and engineering chaq_l pmicle damby electric fields induced by _hepresence oftbe
spacecm 

Whether or not charging/discharging is impormm to a given system depends on file system's objectives a

constraints. Tbe buildup of large pmentinh oa a simcecraft m_lativeto the ambiem plasma when the slmcecv_t is
actively measmringan undistmbed plasma envimmnem is not, of itself, • sea'iousengim_ring concern. Spacecrafl
ekcumic systems referenced m a suuctural ground me not affected bya uniformly _ simce_ae,. However,
scientific missions, seeking to measme p¢opm_ of tbe space mvirmunem, can be _-verely imlmcted by
m_conlrolled or unknown potenlials on the smface of Ibe simcecr_ Tbe sbeath formed amu_ even a uniformed
chard body inlhtences the uajectories of pmicles new _hebody. Smr,e the imumnems we use to measure the
pmicles and fiekls are mounted on the spacecnfft body, the envimmnent h%'yme sanq_g is disamed by any fiek
induced by lhe presence of Ihe spacecraft body. l-lereeven mifonn I'glds may _a serious concern. For
example _ placement of panicle sensors on the Galileo mission was influenced by small unavoidable potentials
the slmcecraft surface (Leung and Robinson, 1982). Uniform charging must also been considered as a means of
increasing the conmminalion of clmqp_ surfaces in space. Here fl_c_ is I!_ a charged sud'acc will atwact
oppositely charged particulate matter which can then stick to the surface. Optical surfaces me particularly sensid_
to conlamination and raise questions for both charging and contamination analysis.



Spacegn_ mrfaces ate not unifmm in their material _ or exposure to the environment, so one

would not necessmily expect to seen a uniform charge distribution over the et_re spacecraft surface. Nonuniform

chaqging cam influence the meastwement of the ambient plasma distribution even more severely than uniform

cimggig (Olsen, 1980). However from amengineering point of view, differential charging that can lead to discharges

is the major _. Discharges inlmduce noise into the system. Occasionally this noise interrupts normal

spacecraft ¢q3etmion, or represents a false command. This spacecraft charging effect was the motivation for the

SCATHA _ and needs to be included in electromagnetic compatibility (EMC) design practices in system

design. In the wocess of breakdown it is possible to cause physical damage where the discharge occurred. Thus it is

possible to change the physical characteristic (thermal properties, conductivity, optical parameters, chemical

properties, etc.) where the digharge occurred. In addition the release of material from the discharge site has been

suggested as a contamination sum_ for the remainder of the spacecraft (Hall 1977).
Charging and discharging due to the interaction of the system with the natural environment raises concerns

in the areas of elec_ compatibility, contamination control, thermal control, reliability, and science

analysis.

2.3 Charging Mechamism

In most environments of engineering itere_ the largest current to the the. _raft surface is the plasma.

C_nul_ f_ e_mple a i_lamm in "llmmal equilil_ium." Such a plama easily _.._rles tbe zero net current

comJition of I plasma, l:._n _ 111 ekctm_ and into have very di_ velocities, for every electron traveling

in ol dim:fion thet_ ia mtalm- ektamn _ in the _ dim:tim m tbe averqge. Tbe sang is tree of rig
So m imxgimd _Mume will m the mm_ onntain equal mmlm_ of pc_ive md uegati_ c_ge _.

lqow imagine a material wh/dt _-*y _ every clmlled Imtlick that imlm_ it. When that solid object is

insmed into me ph-,m, tan'of me ekcums and pmmm are Wcvemed faun reacting tbe opposite side of me objoct
(Umtis _ey inaaeela _e oa_ side of the object). The average velociaes of _e eleeums und lWOmmcan be
eak_med from me equ_am mmmm,

(2-O

the subscripts refer to either electrons (e) or protons (p), k is Boitzmunn's constant, v is the average velocity

and m is the mass. Clearly the average elecum velocity is much larger than the average proton velocity. Since the

current is _ to the average velocity times the density (assumed to be the same for electrons and proton in

this plasma), the electron current hitting the absmber will be higher than the proton current. Thus a negative charge

will build up on the material. This will continue until the electric field produced by the accumulation of charge is

sufficient to repeal electrons and aurar positive ions. Thus there is a charge build up until the equilibrium condition

of zero net current is reached. Real spacecraft, of course are more complex. Real plasmas may not be describable a_

a Maxwellian plasma. The surface of a spacecraft is made of a number of materials with different electrical

properties. One of the key properties being the number of electrons released from the material when impacted by an

electron or ion. This secondary emission cuefficient is tabulated for a number of popular spacecraft materials later in

this chapter. For real materials the secondary emission coefficient, backscattering and geometry of the material all

play a role in determining the net current to the surface. In addition the electrical inteto3nnection and geometrical

reJatkms of oue part of tbe surface to ammUtercun play a key role.

Consider a simc.ecraft with two basic materials on its surface -- one a conductor, the second an insulator (for

example the insulator might be the solar cell cover glass (silicon), while the antenna and exposed structure might be

aluminum). The zero c.mrrent balance condition needs to be applied at each surface point for the insulator. Solar cell

covers at one location may see larger fluxes than amaber location due to distortims in the environment or produced

by differential charging about the spacecrafL. While the conductors integrate cmTents from all surfaces that are

electrically connected. Clearly with complex three dimensional geometries the determination of currents to each pan

of the Slmcecmft cam be quite complex. This woblem has been studied for a number of years. The computer code

NASCAP (NASA Charging Analysis Program) was originally developed in support of the SCATHA (Spacecraft

Charging AT High Altitudes - a joint Air Force NASA project) program to handle the geometric and material



complicationsinherentinrealisticcharging cakulaiom. NASCAP is described in mote detail in the appendix.

Simplified codes based on NASCAP results also exist (lq. J. _:_vens, private communication, 1989)

2.3.1 Sheath Formation

When the spacecraft is at a high altitude (for example geosynchronous) the mean free path of both electrons

and ions is vcty large compared to the din_nsions of the spacecraft and individual particle trajectories arc controlled

mainly by the electric and magnetic fields near the spacecraft. NASCAP was written to handle spacec_f*_ charging

calculations in this regime. While at low altitudes, or when the spacecraft is moving at a velocity which L'-high

compared to plasnm velocities, particle trajeclmies arc influenced by the presence of other plasma .particles. In this
case sheath formation, ram, and wake effects me very important. A second three dimensional computer code called
NASCAP-LEO has been consmtcted to handle this situation.

In plasma physics the parameler which describes the length over which an electric field exists in a plasma

(which is essentially a conducting gas) is the Debye length. In gaussian units the Debye length is

(2-2)

whexe T is the plmma temperature in elecuun volts, n is the density in pmicks per cubic cemimcters, e is the
ekcum chaqmeund k is aeimuma's consu_ At g3nesynctmunm tobit _ Ikbye leaSm is king compared to _e
qm:ecnfftdimemimBfortypical 1980's " " _melli_amlsolheNASCAPcodeisagoodchoice. At

low alfitndes, the Debye length is _lmn _ m the size of Ihe Slmale or Ore _mce slmion _ e_ _

satellites, and _ the LEO cnde is the more realistic choice.

2_3.2 Plasma Currents

The enviromnent plays a key role in determining the electron and ion ctments to and from the spacecraft

surface. If the surface is insulating, the net current to each poim on the surface in equilibrium is zero. If the surface

is conducting, the sum of all currents to the connected conducting surfaces sums to zero. The net current to a surfac_

is the sum of currents due to ambient electrons and ions, secondary electrons, and i_tnelectrons.

The density of the plasma determines the primary cunems.

oj-- nq (v) (2-3)

where n is the density of the plzwana, q is the charge on a particle, (v) is the average velocity of the particle, and J is

the current density of particles of charge q. A "thin" or tenuous plasma of less than 1 particle/cm 3 will charge the

spacecraft and its surfaces mote slowly than a "dense" plasma of Ilmusands of particles per cubic centimeter with the

same velocity distribution. The current density can also affect the conductivity of the material through an effect

called radiation induced conductivity. The conductivity helps determine the leakage current throughout the material,

and hence the likelihood of differemial cha_ng.

2.3.3 Current Balance

The equation for current balance (to calculate the equilibrium spacecraft potential, V) including secondary

emission processes is

ltotal = le + li + Ie/e + left + lbac + Ihv + Iother (2-4)



chofthesectmews isafuEtionofthe_ The potentialentastheequationsthroughthedependenceofthe

Iocity _ fl_ IX_mfial. Iisthetolalcunmt (whichwillgo tozeroinequilibcium).

The lust term is the elecu_0a cunent from the plasma to the surface.

(2-5)

gre n is the electrondensity,• is the chargeon the electron,(v)is the average electronvelocity, f is the

;tribufion function, and theta is the angle between the normal to the surface and the velocity. This term is
_egrated over whatever surface "sees"any plasma. For conductors in space the _ surface is all of the
ndocting surface. For insulators each point of the surface is done individually. If f is the distribution function for
_ctmns _ next integral is over all electnw.s which reactt the surface with a velocity of zero or greater. This will
'cou,rsedepend on the potential of the smface. The cosine factor accotmts fo¢the wojection of the actual surface to

distribution function. The charge on the electron is e. The second current in the total ctm_t equation (2-4) is a
=ilk integral far the ion

electrons inq_ on a surface there is a finite pmtsbility that tt_ will release one or more elecucm
_m the surface. This _oct, callcd somndasy cl©cm_nemis_n, is acconnted for in fl_ next two terms of cqumion
4. Tl_fimisti_s_h_jemis_ndue_incominlei(x_n_ Ti_secondisfl_anit_dcicann_s for
comiqg ires. T_ integral for etoctn_ is

..- / f<r.,'.O '
_..6)

he imegtal is oyez the _ _,rface_ but now the di.qn'imtm hmaioa is weighted by a probability of
aisskm della that is a function of the velocity,v. In addition there is a dist.._ion of velocities for the emitted
ectmas n_iz_,zd in this eqtmiea by h. The n:sulting seceadwj emissim currem is _li a fmc_" , of the

_r, fialofthe surface. Asimilagexpressimcouldbewritten forimsecondaryelectm,_. The total
amber of elecuons with energy less than 50 eV, called the seccadary electron yield, as a fmgtion of the incident
lectron energy is shown in figme 2-2. The important pmmtete_ expegim=ntally, agethe maxi,_um yield, the
geming ekclnm energy at the maximum yield (E2), and the electron energies at which the secondary yield is
gactly one which age E3 and E1 in Figure 2-2.
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Figure 2-2. SccolKImy Eiccuon Yield

Accmale _ o(1_ _ yield for dielecBic= which dm_ a=e_ _dlmma full

whe_ lhe rmq_ o(¢kclrom in the malerial is _ Io dle energy m lhe power p. The ¢xpoecm, p, is
typically between 1.5 and 2:E3 is the eneqgy at which the secomk_ yield ex_ to unity. Some typical
values are lislcd below in table 2-1.



Table 2.1 Secondary Emisskm Parameters

MATERIAL p (keV) Refe_ce

Aluminum 1.76 1.8 NASCAP

Aqmdag 1.55 1.2 NASCAP
Gold 1.73 4.6 NASCAP

Kapton 1.725 1.53 Burke 1980
Lucite 1.725 3.02 Burke 1980

Magnesium 1.75 0.7 NASCAP

Mylar 1.725 2.07 Burke 1980

Nylon 1.725 3.15 Burke 1980

Polyethylene 1.725 4.02 Burke 1980

Poly_ 1.725 2.27 Burke 1980
Pol]rvinyl alcohol 1.725 3.51 Burke 1980
Silve_ 1.74 4.0 NASCAP

Si02 1.86 4.8 NASCAP

SOLA i ."/'3 4.63 NASCAP

Tefloa 1.725 4.75 Bedce 1980

Clumcterizi_ the secemlmy emission by the two ilmnete_ in the udde above can be done crudely and

idlyby _lhe_ potemiml of the surface for a samplie of the material whefe the leakage ctmem

ptas low m pmsible. The surface ofthe material in such a situatkm tends to be the electron beam energy
u E3, ,be meqly m wldd_ tiresa:mdmy yield ex_ to one.

Another popular fit to the experimental data is Stemglass (1957):

(2-8)

re 81 is the maximum sccoah_ yield, and E2 is the energy at which the scccmdm_ yield is at a maximum. Hcr¢

is the number of secondary elecuum emitted as a function of the energy, E, of the incoming electrons.

The next term in the total current series (equation 2-4) is the ctmem of elecurons leaving the surface due to

_cmered edectrons. This tel ioelks identical to the plasma cmrem excelx for a factor B.

(2-9)

electrum impact the surface elecuuns of all energies are observed leaving d_esurface. The ,"_ctrons leaving
_urface fan into two major e_ggy gmtqps. The low ewagy ones (below 50 eV) are usually lumped into the

mfmy cadssioa caw4pxy. There is abo a group which has ooly had oae or two collisims with atoms in the
tee and leave the surface m almost the incidem energy. These me the beckscattescd electrons characterized by the

limB.



If the surface is exposed to photons, there will be a photocurrent contribution to the total current. 1

cunentisrepresen_by

lhv=f d2r/: dvF(v_g(v,r}
(2-io;

In this term the second integral is over the frequency distribution function, f, for the photons and the photocl,

yield g. For materials in orbit around the earth, this is probably the most important surface charging currenL
Photoemission has been characterized in a manner similar to secondary emission. Photoemission also dcpcn

the surface condition of the material. Grard (1973b) characterized some materials of interest to spacecraft wit

following parameters for solar fluxes (table 2-2).

Table 2-2 Photoemission Saturation Currents

Saturation Current

Material Density, ttA/m2

Avenge Energy

Leavingthe

Surface, eV

Aluminum Oxide 42 .94

Indium Oxide 30 1.19

Gold 29 1.02

StainlessSteel 20 1.06

Graphite 4 ! .02

Purely empirical, _getic, or Maxwcllian distributions have been used to characterize the sp

photoeleclrons. The relatively low energy (on the order of 1 eV) of most pholoemitted electrons makes thct

particularly susceptible to the barrier effect. ('The barrier effect is when the potential in front of a plxxccmil

surface is slightly repulsive due to a highly charged region hereby. Thus, photoemiued electrons will be re[

the photocmilting surface, and consequently the effect of photoemission will be nullified.)
The last term in our current balance equation (equation 2-4) is meant to cover any other current we

mentioned. This might include any ohm's law current from the spacecraft, currents due to thruster operati_

engine currents, ram (carreat collected by the spacecraft _ of its motion through the plasma) or wake(1
shock-like structure formed about a moving spacecraft) effects that distort the distribution functions, or anyl

else. One cmxent that may play a role and is sometimes overlooked is radiatin induced conductivity.

The conductive current, jl, can be exwessed in terms of mobilities and cha_c densities as

J2 = [g+ttlPl++tt2P2 -]E (2-II)

The conductivi,y ofthedielectric, g, is

g = e(nIttI+ n2 it,2) (2-12)

where nl is the density of intrinsic positive carricrs -- both trapped and free, and n2 is the intrinsic density fi

electrons. The total charge density for positive carriers is e nl + pl + and for negative carriers is e n2 + P2'



The trap.modulated mobilities for positive md negative carriersare pl + and P2-, respectively, studp is the gencmlly

simce-delgmkm excess charge cmier density. The intental dmqge decay in diekcuics is governed by this conduction
phenongnon. When exposed to a radiation Item (UV, charged partick, or neutrons), the excess charge camcr density
is usually increased, increasing the _ conductivity of the material. The current density can now be writtcn as

J = (t'_o+_t D)E (2-13)

if the excess carrierdensity is assumed to be _ to the dose rate. Frederickson (1974), in studying
photocurrents, added a term not_ to E. Wilkenfeld et al. (1981) exp_ss the radiation induced conductivity
due to electrons as a coefficient aridthe dose rate to a power _ so that the _:;mlbined current might be written as

J = J0 + (t_0+ fl I (D)_) (2-14)

Some._ggesuxlvaluesare listedbelow (Table 2-3)

Table 2-3 Radiation Induced Conductivity
o i Dme RmeRmq_

Mateml s(_cm-md)-1 _ rad_ imMateriat

! rail FEP

XapmU

Type S Mylar

Second surface minces

3.5E-17 .70

5.9E-18 to .85 to
5.6E-17 1.00

8.0E-17 to .6 to
7E-16 .8

1.0E-17 to .81
4.5e-18

8E-17 to .8
1.4E-16

4E-16 .8

103 to I05 OViteafekl et aL, 1981)

!03 to 105 OVitenfekl et aL, 1981)

0tiddel amdPmsmbeim, 1982)

103 to 105 (Wilkenfeld et al., 1981)

0tiddel and Passenheim, 1982)

0tiddel and Passenbeim, 1982)

In addition, there is a dependence on tempcrauue, thickness of the sample, and type of radiation. In high dose rate
situations radiation induced conductivitycanbe vcfy significant.

2.3.4 Distributiom hmctlmts

A great deal of effort is still needed to adequately describe the ehztmn and ion environment around the earth.
Alitoagh well behaved in limited regions of energy qmce, the actual dis_ibution functions hold within them detailed
descriptimmof thedynamicsmd ccmplexitiesoftbe _ Simqpleaqplaeximationswegene_iy
inadequate to describe such richness. Nonetheless single of doutde maxwellim functions have been fit to mcasurcd
data to help engineev_ and scientists deal with this complexity, but care is always needed not to push the
approximation to far. Even comparisons with measurements may be misleading, as the natural binning of the
instrument making the _t may hide some important details of the physics, and make the final
approximation misleading. Nonetheless, great progress has be,'n made using double or single maxwcllian



appmxinmliemtotherealenvirmuncutsandthesewill_y cominue as our fn3t order approximation bec
the simplifying concept of a single tempesmme for a dislribution.

2.3.5 A Simple Analytic Approximation

For a spherical body and a Maxwell-Boitzmann distribution, the fast-order current densities (the currc
divided by the area over which the current is collected) can be shown (Gm'rett,1981) to be given by

Electrons

Ions

(repulsive)

(_tive) (2-15)

J2 = J20 exp (- k-q_TT2) V>O (repulsive)

,2-J20[l-(kT-q_-2_ V<0 (attractive, (2-I,

_ tl_ imidmt (zero ptmmiaO ekx:uon and ion cmrems are:

,,°- }and

,2o:®
Primary incident
electron and ion
currents

where N 1 is rig electron density and N2 is the ion density, ml and m2 are masses of elecWons and ions. reSlg

and q is the magnitude of the elec4gonic charge.
Given these expressions and _ing the secondary and backscm_ emissions, Gmrett has redu

current balance equation to an analytic expression in terms of the potential at a point. This model, called an
probe model, can be stated as follows:

I = 0 -- AI JI0[I-SF.(V,TIJql)-BSE(V,TI_ql)Iexp kTl

qv
- A2 J20 [1 + SI(V,T2,N2)I [I - (k.T_.)] - A4 J40, O (2-17)

forV <0 where AI is the electron collection m_a, A2 is the ion collection area, A4 is the photoelectron emi-_
mca, J40, is the smmatkm phomelecutm flux, BSE the paramewxizalion of the backscattew,d electrtms, SE tl_

_ of secoad_ ekcums, $I the pmmnetedzatien of secmdary electrons from ion impact on th
surface, and ¢Pthe solar EUV flux at the spacecraft. This equation is apwowiale for a small (<10 m), unifon

conducting q3atagaaft at geosynchrono_ orbit in the absence of magnetic field effects. To solve the equatiof
varied until I=0. Typical values of SI, SE, and BSE are 3, 0.4, and 0.2, respectively, for aluminum. The Et



cxealed Idt(NoekclMun _,iuio_ usually dominate near earth and peevent lhe SlmCecraft potential from being vcry

negative during sunlit _Ikms of the mission. However. in and near ge_ orbit during geomagnctic
substom,atheambier,thot electroncurrentcan controlthechargingprocess.For geosynclwenousorbit,theratioof

the eleclxoft to ion current density is aixmt 30 during a geomagnclk slmm. When the spacccr_d'lis in eclipse, thcsc

valuesgive

V -, -TI (2-18)

where T I is in eleclron volts. That is, to first order in eclipse, the approximate spacecraft potential is numcrically

equal to the plasma temperature expressed in electron volts. Note, however, that T 1 must exceed some critical value

(Oisen, 1983; GarreU, 1981), usually of the order of 1000 eV, before charging will occur because secondary clcctren
production exceeds ambient current for low T I.

2.3.6 System Clmrgin| Characteristics

The_ is much moue fe underslmding the chaqle Imiklup on a comldicated _ syslem, than lhe

simple calculation oflhe charge flowing loa surface. All oflhe surfaces, their imenmmteclioed and geometry play a

role in tbe cam¢_ flow to and ammM a spacecraft. The very simple amalytic probe model just ¢ovenxl emphasiT_d

Ihe pilBma ¢olldilioll$ fol"the CUilent I]ow. Just as impolllam a¢ the Inalptel_ tidal, Ih¢ _. algl Ih¢

iatm_meaim of the m_as _ A simple e_giaee¢iq qMsmaimalioa wtMch hegira to comide,, these
int_f_mme_,iom and die I_Oate_ of die smq'aces is m view the qmcecraft as a colkclkm of caimciaxs. The

Calmcimtce of I_ qmce_aft body Io space, for eamalde, detemdaes I_ I/me mluked for i_ MmcecraR as a w_ to

reach a imteatiaL q[qbenml bimlkm, immJeats, and olher pare o(1_ _ each have a _ capacitance,

and _ to o_her pam of the system. Diffea:misicharginlliCllOVemedbythesecaimcitmces. Computer

codes like NASCAP mmst comider Ihese in calculatiag the dmqp: Ixdldknp m a fuactioa of lime. When ci_ ,uit codes

ale med to simulme _is pmces_ all of,he _ capacimaces need to be modded. What is not modelcd is not
simulated.

2.3.6.1 Lumped-Element Modeling

Lumped-element models have been used to define the surface dmrging response to environmental fluxes

(Robinson and Holman, 1977; Inouye, 1976; Massam et al., 1977; Massam and Ling, 1979), and are currently uscd

to predict interior strucaral cmTents resulting from surface _ and sysmm generated electromagnetic puiscs.

The basic idea of a lumped-etement model is to _lxescnt spaogaaft surfaces, boxes, elements, and strucmrcs as

electrical circuit elements.These models can be made assimpleor as compicx as desired, The circuit simulation

code SPICE and its clones and derivatives can be used to calculate circuit element responses. SEMCAP

(Specification and Electromagnetic Compalibility Program) is a code developed by TRW specifically to calculate thc

effects of discharges on the Voyage," spacecrafL SEMCAP is based on modeling II1¢ inlerbox hamcss cabling and

input/output interface boxes and calculates the peak voltage at designated rec.epexs.

2.4. ESD Causing Envirouments

Surface charging and disclbarging results when the envirommmt is rich in kilovolt electrons and poor in

lower energy particles. Plasmas of that distribulim usually occur rely during periods of dynamic changc such as

masnelic substonns or solar imlick cvem& This is why spacecraft cha_ging effects are so strongly corrclatcd with

geomagneticindices.Inaddilion,othersituationswh/ch somehow mmm_ toremove low energyelectrons,

acceleraleelectrons_ ionsinbeams erolbersuuctures,createa hotplasma witha temperatureon theorderof

kilovolts,orinsome otherway crea!eadistortedplasma conditioncan resuRinchargingspacecraftsurfaces.This

sectiondescribessome ofthebetterknown environmentswhich shouldbe consideredinspacecraftcharginganalysis.



2.4.1 The Relions of the Eartb*s Masptetospbere

Whea aplamu ishemedmd acceleraledtowardstheearthfromthei_nmgnedc tailre_, it_

synchronousorbitand_ a sl_t ina hotplasma,causingcharging.The earlyobscrvalk)nsofspacecl

chargingoccuncdinlhisway. The SCATHA programwasorganizedtoinvestigatethiseffect,andmany rese_

andengineeringl_pershaveresultedfromthiswork. Purvisetal.(1984),Oancu (19"/9),Whipple(1981),an
olhcrshavepublished._view articleson thissubject. Most regionsof the malP_tOe_Mg_that arc in thcrmal
equilibrium _.pd .tobeat relativelylow temperatureandcons_ucndy nozof concernforcharging.

A fu_ oescription of Ihc ma_ is file 8o81 of a great deal of clm_ntresearchanddmughL Ev
four years a summary of research in the Uniled States is given in "ConMbufions in Solar-Planetary Relationsl
U. S National Report to International Union of Geodesy and Geophysics." To dcscril_ _ "shape" of the
magnetosphcwe we need eilhar the motion of all the particles near the earth or the cu_nts and fields surroundin
earth. Tracing magnetic field lines, for example, gives us some insight into the general flow patterns of panic
because individual charged pmicle uajecugies are determined in pm by the magnetic fotv.e.son the particle, bu_
magnetic fgid configuration is also the resultofpmILicleflows. So if the final magnetic field is known, it ind]
thecm'remsandflowswhicharebothformedby thenmgneticfmldandhelpto formit.

T_ _Im_ robed _ emh cgled_ _ cm bemqgy dividedimo d_e_ Sou

lhescregiomoverlay,orbecomeill-defim_l,butitisslillruefultoalempttodescriberclpmmofthemagneto

md Uleb_nrelmomof_ _
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Figure2-3. Map oflheMagnetosphere

2.4.1.1. Bow Slkock

Figure 2-3 isa cagtoon ofthe near-earth region of space. The test black line coming from the left hand
edge of ,,he figure is the "bow shock." This is the boundary formed when the supersonic solar wind with its
magneticfield et_otmterstheearth's ntagneticfield. The solar wind is madeupof plasmafrom thesunanda
magneticfield uapsw.dwithin theplasmabecauseof thehigh conductivityof the plasma. The magneticfield in
regicnsbetweenpimtetsis calledthe imerplanetarymagneticfield or IMF. The solarwind is supersonic(that is. the
velocity of the particles in the solar wind is greatcr than the sound velocity in lie medium) and super Alfvenicas
well(thatistheparticlesarcmovingfasterlhandisturbances,Alfvenwaves,whichpropagateinmagneticfields).

The magnetosphere acts like a blunt object inserted in the supcrsonic flow of the solar wind. The bow shock formed
is much like the aerodynamic shock wave formed by a blunt object in the supersonic flow of a wind tunnel. Thc



slmdk is d_m_hnd (m_immm_ from fl_ mqne_l_e. The solar wind ooming from the sun cammt pass througl
em'th, md is forced around lhe earflt. So the solar wind "piles up" in front of the eagth, and creates a bow shock

front of and around the earth. The Iwt_icle density and field strength of the solar wind increase in front of the e_

In this region, solar wind speeds fall into the subsmic range.

2.4.1.2. Magnetosheath

The region between the undisturbed solar wind and the magnetopa_ (to be defined in a following

pmagra_) is called the magne_ and is characterized by considerable plasma turbulence. The IMF still

dominates in the raal_e_c.Mh, but it is disturbed. The solar wind may be deflected by as much as 20°. and sit
to about 250 kin/see (subsonic) with a concurrent increase in density to as much as a factor of four. Electron ar

temperatm_; as high as 106 K (-100 eV) have been measmed. The detailed slmctm_ of the magnetosbeath depen

on the relative orientation of the magnetic field of the solar wind md that of the earth. In Figure 2-3, the IMF i

parallel to the earth's dipok in the sense that the comlxmem of the IMF in the direction of

the earlh's magnetic field above the north pole of tbe earth is in h_e same direction as the earth's fieM there. Thi

allows the IMF and the earth's magnetic frJ¢l to coincide above the poles of the earth. Magnetic field lines whiq

pass directly imo the IMF are called "epea." Tbus solar iw'.kle$ g3nating albem these lines have direct access _

regim_ very aeu Ihe each. If lhe IMF _,ver_ the field liaes showa ia Ihis figme albove the ear's poks _

oEposilely dlkeclnd to the IMF. In the case where litre is no conaecli_ betweea the IMF md the earth's fgld e

the lm_ md fire lia_ a_e hid to lie "dined," tim is the !1_ md tke earth's _ f_ _ _ m _ q

over the imkL The mape_ fidd lina at Ihe equaterwanl edF elf the ammal oval, m malla what Ihe IMF h

doing, me dared. At Mtepeiewa_ edle, die mNlae_ fiekl lines u_e Imck w die namal Maeet (m be defined _
this _). Thememlime iN_imtoflhelmmml oval is imlkatedby lhe mN_ fteld lines which onnlinue I

the eanln'$ mallnetk fidd dmJalk i_ mat, ue,elmm and dte bow Mmck into alinemdismd_ solm" wind, Thisn

i$ refened to m rite "Im_ rasp."

As lhe plmmta moves mmmd fire em'th towanl lhe fail regimt, the bulk vdocity of the _ w_ p_

the _ incmtses due to the adiMbmtk expansimt of the pimma as it expamls into the region behind t_
earth.

2.4.1.3. Magmetopaus¢

The majc_r boundary sepmming tbe earth from the solar wind is tbe magnempause. This boundary is _

the Wessme of the solar wind (wimarily panicle p_ssure, but including the "tmlqped magnetic field") is equal tc

Wessure of the earth's magnetic field md a small component of particle wessm_ from the earth. In the sunward
direction the _ocous at apwoximalely I0- 12emrth radii (I0- 12 Re). Thisdistanee varies, dcpex

on the IMF, between 7 and 14 Re. Experimentally, the point at which the p_ssure from the solar wind, prima

particles, is exactly balanced by the _ due to the earth, pt_mmrily magnetic IteM, is not determined exactl_

The magnetopause has a thickness, a region over which the lm_mres apwoximately balance. The magnetopat

nmmally 100 to 200 km thick. Just as the bow shock extends a very long distance beside and behind the earth,

_se extends in a roughly cylindrical shape behind the ea_lh. The magnetopaase extends well past the
of the moon (_0 Re), and may extend to more tha_ 1000R e.

2.4.1.3.1 Magnetopaus¢ Cmrremts

The magnetolmuse allows some diffusion of solar wind pmlkles across Ibe bounda_ from the

megnemshe_ Thisdiffusimcanbecmsklem_perpendk:ularmthe _atall points. The pcrpcndi

diffusive velocity and the orientation of the geomagnetic f'teld determine the electric currents produced through tl

_tz fow.e. F = q V x B. This is illustrated in figure 2-4. in the case of the magnetopause, there is no local

plasma to speak of and strong electric fteMs can develop to infinence the peaetratkm depths of the electrons and

into the earth's magnetic field. Depending on '.he plasma densities and generated electric fields either the ions o
electrons will be the main current carriers. In the case of the solar wind with an electron velocity of 108 cm/s

various instabilities arise producing waves, two slream instabili,Jes, the growth of electric space charge clouds,



velocities md the _ odemed f_angnefic fieldcame acunem flowingfromleft _ right (as vie_ from the
sun)

[ Tail Current

diffusion across_
_x_magnetop ause

Dawn

North Lobe

Dusk

South Lobe

Cross Tail Current I

Magnetosheath

]he solor wind plosma diffuses ocross the
boundary.

]F'q_r¢2-4. LobedSlzuctu_ in _ Taft

2.4.1.3.2 Deep Mapetespheric Conve_tiem

On the inn_ surface c( the _ is a beendmy layer of pla._a which flows away _ _ _
just as the plasma in the ma_, butits ve_-ity and dem/ty ale less then those of the magnaosheath

Both electrons and proems drift in the ._mnedirection. The _ of the geemagnefic tail field fines
(toward the earth in the nocth lobe, md away in the south lobe) creases elecums and Im3ams m _t _ _ _n_



of d¢ mai_, providinS a sowocof l_cks for mainu_ d_ idasmashell C)nced_ i_m]_.i_ _ _ a
middle of the plasma sheeL they f_l the influence of hods the wm_ n_ noNhwad _ field in the neutral sl

and the large scale elecl_ fgid across thc tail. The result is a drift of electrons and protons up the center of the

nutgnete_l toward the earth (the drift is strongest near the plane of the neutral sheet). This large scale
magnetospherk: circulation is called the "deep magnetosptgric convection." Plasma flow in the equatorial plane i

Ulusuatat below (figure 2-5).

Dawn Sl do

mngnetosheoth ._ F r + + + + + +

SolarWind __t.h _ E

Dusk side

Rgwe 2-5. PtmmaFimv in Eqmlm_ l'lme

2.4.1.4 Auroral Oval

The amxwal oval is the a_a whc¢ electrons amdions focused by the earth's magnetic field encounter the

upperaunoslda_ and produce aurora. The electric fields, axelerating and _ naa:hatians in the am_
regions are still the subject of intense investigation and slgculam. (Auroral injectioa of ionospheric partictes
d_cmagnctoqAz_c is one mcdum_sm und_ comid_atioo when investiplors consider the source of panicles in t

ring current and radiation belt_] The amoral oval is a arms/dims region including Ixxh open and closed field line

Some reseamha_ object to using magnetic field linesinde_ dynamic situationslike this where the magta

field lines age thought of as moving and twisting in a fime_ mmm_. It is not always cle_ how fully

depemlent field fries are to be _ _ it is common to speak of open and closed field fines in d_n
situations like those in the _ oval

The current flow in the auroral region is quite complex. In the upper regions electrons and ions flow a]

the field 5nes. As the charged particles descend lower" into the atmoqdh_re, collisions with neutrals increase and

transport mcchmisms change, T_lc 2-4 indicates regions where coilisional effects are becoming more impot_

Electric fgids cattsed by charge seixlvatk_ or od_ effects induge cummts dwough out the auroral region.. A cu_

called tho auiwal ekctmjet flows from east to west m heights of 80 to 100 lint in what is called the E layer.



Table 2.4 Electron and _ _lm _lue_

Altitude Electrons Ions Comments

-300 km _ << e0 _ << co

140km _<(o _>¢o

80kin I)>¢D D>w

-()Okra 1)>>¢o 1)>>o)

Both electrons and ions move

along field lines.

Electrons move along field lines

Ions dominated by collisions.

B43thelectrons and Ions motion

dominated by collisions

Collisions dominate motion

e_ is the gyration frequency; x) is the collision frequency.

2.4.1.4.1 Auroral Morplmiolly - eomtr_ "-y Captain Robert Fred_kk, Air Weather
Service

visual mmam an_faing lamimus ptmmem seemin the ai_t s_ at _ I_map_ tmitude(ameral
zones). The priacilml somce of me_y for aromas is the dissipation of the kinelk eaergy canicd by charged panicks
that bomtmd the emh's upper aunmche_. Coilisiom with these pmicles imtize trod/or excite _ morns
amd_ Durmgde-excilationorrecombination, e_l_nlagl_ficenerlgyisemitled. Atmx_oc.cur
simultama3wly in both hemisikeres with nearly identical lenqxnl aml _ vat_tions. The lower-altitude limit
of visual auroras is usually between 90 md 120 lan, md they may extead humdmls of kilmamas upwm-d.

The energy emitted in the non-visible part of the spectnmt greatly exceeds that in the visible nmge. The
term "optical aurora" is used for atmroralemissions from the infram_ to the ultraviolet. Aumcas may also emit radio
noise in the VLF band (less than 30 kHz) and on rare occasions in the HF-VHF bands (3-300 MHz). However, the
term "radioor radaraurora" is reserved for the auroralbeck.2cauerof radio waves from f_ld-aligned irregularities.

Auroras also emit x-ray radiation. A cominuous x-my spectrum is produced as fast, en_getic electrons are
slowed by encounters with atmospheric parf,cles (tgemsstmMung). In addition, x-gays are weduced by excitation of

inner shell electrons caused by collisions with these fast panicles.
The visual form and intensity of auroraschange rapidly. There are two general classes of auroral forms:

diffuse and diam,.
(1) _ - usually faint, ill.defined, broad amural luminosity with a width of at least several tens

of ki_ Diffese mncaas include the following fmms:
(a) Veil - m extensive, usually unifmm luminosity covering a large fraction of the sky. A veil is

frequemly red and may eccur as a backlc,omal for edmr ftlms.
(b) Patches - a region of luminosity with no pmticular shape, aad no sharp, cominmms lower bonier

as found in bands and _
(2) _ - curtain-like muctmes with a typical horizomal width of 0.2 to 10 km, a horizontal

extent of 100 to several thousand kilometers, and extending £-om a more or less continuous lower
boundary upward (along local magnetic field fines) in height several tens to hundreds of kihaneten.

The curtains can occur singularly or in sets septra,._l by dark spaces of the order of a few tens of
kilometers wide. Discrete auroras include the following forms:



(a) Bands- cmmmsMmw/mgfoldsorkinksalonglh_ Imglh;f_luemlyquiteactive(especiallyif
my_.

(b) Arcs - cwtains showing only slight curvatu_ usually a quiet, less bright form than the band.
(c) Rays-shaftsofluminosityalignedalongmagneticfieldlines,withahorizontalwidthofafew

tens of meters to several kilometers and a height of a few tens to several hun&ed kilometers. Ra
may occur alone, but are most often found within arcs or bands.

2.4.1.4.2 Auroral Substorms -- contributed by Captain Robert Frederick, Air Weather
Service

Amcas in the quiet auroral oval occasionally become active. The activation originates, in general, in the
midnight sector and rapidly spreads into other local time sectors. A typical auroral substotm has two phases:
_md,xme_y.

The first indication of a substorm is usually the sudden brightening of the midnight

sector quiet ascs or the suddea formation of a bright ate in the midnight sector. This is nmmally foUowed by a rap
po_ward moron ofthearc,_ m exlmmlingbulgeinthemidnight_-tar.The eveningsideofthebulge

contaktsalarge-scalefold_tichtravelswestwardalongaquietarc,andiscalledthe"westward_mg _" It
themorningmcam, theqmetarcsanddiffusemrmas dimaegra__ _" whichdrit__ eastwa_I near

conmnt magnetic_titude.
The_rd travelssurgeceJmes_ _eattemo_sec_andevenu_

del_emes imo inegnlarImdL The pEhes _ todrifteastwardmd mcb then_n sec_rinthelatereco_

pua_.At_c_d__cmdi_uha, eretm_toth_ebef_e_uet At_almt2-3hours_e
emues_am_ maytempett

O) The_d_eam_
(2)The_ eltheaum__
(3)Thearedcoverageofaeau,_]butSe,md
(4) The ,hntion o( the mlm_n_

Equipment or systems seq _-ed to operate kt the atmmd zcme will e_ quite high electron flux_. Figure 2-_
shows a typical atm_ electron Wectrum.
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2.4.1.5. Malguetotail

=L Theswq__edomn_mmmc_kd _e _aadcx_nds m kat 1000emh radii, eventually bccoming
_mguC4mMe _om the IMP. eeyoM 8 to !0 Re the mmz_ r_d / we emmumy _rJ_ m the sol=

_d flow, n_naess _ _e mcl of _e gemnagnefic equator to U= ed_ ple. In on_ m sustain _is
mclnre, the tail itself hw a two lobed gruclum where magnetk field li=_ from Ihe earth age _ by a thin

sheet which cm_s a bwge cunm_sepm_ng _c two regions of eV_s_Jy directed magnetic reds. This

ted suucumre (shown in cross secure in Figure 24) ex_s for many emh n_ ak_mg the gemnagncdc rail.
P_sma fi'om the so_r wind can d_Tuse across _e so_ w_d _ _ mto _e lobed suucture

f the tail. The prevailing solar flow past the earth, coupled via the Lmemz force with the magnetic I'mld which

mmects across the m,Ngnetol_me, cau_ the tail current shown in figure 24. The sum of the norllgrn and southern

_be,s' tail current flows in the cross-lail current, which flows between the two lobes in the plasma sheet area.

In the magnetotail the diffusive velocities and the orientation of the geomagnetic field (towards earth in

orth lobe, aml away in the south lobe) set up currenUt along the outside of the magnetowmse which flow from. right

left in both lobes (as viewed from the sun) (]Figure 24).

2.4.1.6. Neutral Sheet

The neu_! sheet m the highly conductive plasma within the plasma sheet which exisls b_wecn _e earth

lirecled field line in _e ne_em k_e of _e _ and _e anfi_a_h d_ec_d field lines in the soudw.m k_e.
• e neuu_ she_ hasekceroa md _ _ o_0.1 m3cm -3. F_ecm3a energ_ range from 200eV mover 12
:eV; pro_ ene_es range from ! m 20 kcV. The neunl she_ begins abom 10 Re from the earth's ccntcr and

:x_nds along the tail in m amisoi" dimctiolt.

The udl ctateat builds up posilive ch=ge on the dawn =kle and negati_ char_ on the dusk side of the

nagnetotail. The chat_ buildup oll the dawn and dusk side of the magnetotail runs nearly its full length and causcs



a "large scale m_nemsplzd¢ electric reid' across the tail. The ckcuit is completed by curt,era flow from dawn to
dusk across the neutral dseeL

2.4.1.7. Plasma Sheet

The plasma sheet is a large region of high energy plasma with mean energies ranging from 0.5 to 2 keY,

and mean proton energies ranging from 2 to 10 kcV with nember densities ranging from 0.3 to I cm "3. The dis_t

begins about 30 Re from the earth and contains the neutral sheet. It is typically 4 to 6 Re thick. The
j_ extends inward from the distant plasma sheet (30 Re) to about 8 Re in the antisolar direction.

The inner plasma sheet also includes the region equatorward of the auroralzone in the anti-sun direction.

2.4.1.8. Plasmasphere

Tbe plxqnasplz_e is a region of high eneqD, uatRcd protons which comm¢ with d¢ earth. (Tbe inner Yam

Allen Radiation belt is included within Ibe plasamsplmm.) The plasmmphe_ extends from the topof the
(about 1000 kibnctezs altitude) to about 4 Re (about 26000 lun). Plasma densities range from 10-' to 10_ iocVcm

(seeFigure2-7).

Plasmapause

~ 100elcc

6 8

Plasmasphere Plasma Trough

~ 1elcq

Figme 2-7.
Tbe_ co_gm_m of _e _pe,mphe_ Pt_

as _ by _ _ (Cmpm=',19_)
scale is indicated by L shell Bmdmm

Tbe p_ is a stable n_ion of _ radiatimt. The _ plasma distribution depends
on local lime and the state of geemasnefic activity. When then: is only moderateactivity of less the plaunasphem
in the sunward direction is neatly ¢omained within a shell bounded by L=4. Outside of the _ shell is a ¢gim

known as the plasma trough. Plasma densities in the plasma trough region vary from I to 10/cm3. The boundary
bctwccn these two regions is called the plasmapause. The plammpmue is about 0.15 Re thick. The plasma densil



_esrqddly mstwamdLThe Iocali_ of Ihe plamnaim_ vm'_ wilh local time (see fqpm'e2-8)-- them is a
_xl Ixd_e slmly alherdmlc _g out to pedmpe 5 Re. Th_ ldasmasplz_ corotates with the earth, and

dy populated with Imticles of terrestrial origin; althoush above I0,000 km some particles ale thought to be
rorigin. The pmrticlesof solar origin ate thought to have diffused across the magnelopau_,foun_ their way
;ring ctmcnt, and finally been acceler'dcd into the plasnmsp_m. Other particles may arise from the
tim of cosmic rays with atoms in the aunosphere.

sun

magnetic cavity Plasma trough

boundary --1 e/cc

_0 elcc

Magnetic cavity tail

Figure 2-8. EveaingBulge in Plasnmphe¢. Schematicview of equatoml plane
disml_aionoCthermal_ deducedby_ (!_6) fromWhist_r
data. Kp= 2 to4

2.4.1.9. Ring Current

Asdrainedi_niclesd_p inthe_ ¢lffu_ towa'dtheemh theyencom_ m inoreasin8
edc f_ meqph that,combinedwithd_ehege _ale ekc_ ftekl._ the pmicles. These panicles are
_llly Ilal_ m the O1eg Vail Allell ]R,IMiialiombell Onceimide the trappingn_gi_ theydrih wound theearth
_the lffwlkm md _ of the _ fiekL ProD'8 wiU drift weg_ _d electronswill drift
Ird, cuMog amt weatwatdctmeotclllod theRingCemrenLThiacummt inducesa magneliCfield which
eatheIIt_mogm_ fi_l oa ila eaNhwa_ _le. andeuham_ the field mt the_le my _ _ _. Onthe
dde, the _ cemixxtemof ffaxnqlnetic field at theemh's mfface will _ mmewhat ieu thanit woukl
theMJ_ge ot a dqg cunem, eapeci_ly u low md middleImitude¢ During themainphaseof ageomagnetic
,tl_dng_ia _ TIw mmltmt dectcam'.athe kodmntal gemnqpteticfield cm be measunMat the
! inmrflceby I_ r_Mmncingthe ringcurrentMtiP,s it dighlly elJrthwardnxlucingthe innerradiusof
qq_g te¢oomd mm_ t_ Brandov¢ equmw, M.

The ring currentisinheready a global p6enmnentm [Williams,i987, and the articlestherein], and therefc,re
_s m mxkrsmxling of the glol_ behavior of the magnemspheR. In its simplest It,tins the ring current is just



thedrift of chargedparticlesaboutthe camlh.Thc panicledrift dueto a panicle gyratingabouta field lir_
equator is

(v;)=

IqB3] (2-19)

where E is the particle energy, B is the magnetic field, a is the pitch ingle, and q is the charge on the pa

symbols ( ) denote the average value. To get a notion of the magnitude of this effect, consid,_r the case c

with or.= 90 ° at the equalor. The magnel_ field for an ideal dipole will be

A

B = M0 (2-2O)

A

whe_eistheunitveclorimtbetbem_. Whea (I=90° (pil_amgJie)thedeiftveiocityduetc
inBis

(2-21)

A

wbm: @ is the unit vector in the pld directim.
ris

The cum_ due m the lmr_ck°sdnh _mmd _e ea_ a

(2-22)

whore n is the number of panicles. The chamgc in the magnedc field at the coma of d_ earth due m thi

fds=2xiB 1= i r2 r =" _ (2-23)

There is moOzr magnetic effect at tbe ctmter of tbe earth due m the gyrming pmicle. Tbe part
magnetic moment due Io its _nration p which is FJB where E is Ihe kinetic eaergy of tbe particle. The
thismakesto the field at the cent_-of theemh is:

np =- Ix,F.
I_--" r3 M

(2-24)

As the pmicks _ the emh distort due to inhomegeaities and gradiems in _ _ fl
simple calculations lose aomracy, but still show the influence IhmtIhe ring ¢tmremcamhave omfields m
surfuce of the emh. Aiamngh it is possibte to mmdezsmndthe _ of the mpetic fr,td of ON
surface of the earth in lento of the _ of panicles moving in the emlh'$ _ field through
relating current density amdmagnetic field, there is mid "much more quantitative wefk ... required" [Wi]
to undersumd the source of the ring current, and to isolate the somce(s) of ring current particles.



2.4.1.10. RldLlltiou Belts

Inside the mag:zmpm_ the earth's magnetic field domimtes. Here the magnetic fiekl lines are "closed" in
the gense that they "begin and end" mt the earth, as contrasted with some of the magnetic fieM I_ we _ve _
discussiag which lead far beyond the emth. Inside the relatively _ region of the earth's magnetic field are
the radiation belts and the plasmasplg_. The radiation belts ate regions of ime_e elecum and proton fluxes trapped
by the shape and nuq_tude of the eagth'smagnetic field. Actually these regions are not exclusive. The inner
electron radiation belts lie within the piasmastpte_.

Magnetic field lines which intersect the earth's surface below about 65° latitude are generally closed and
reasmm_y symmeUic about the emh. Charged ptrficks rejected bmo_m _ are uappe_ at kast b6efly, by
• e_ inwaacfion with the geemagnefic fiekL Fdecums wi_ energ_ greater _mm40 keV tend to be found
OmJughout _e uappmg regmn. Pmmn_however, meconcemra_ntwosm_eradmtmbc_ts. The___V._
Allem _ has a maximum pmu_ density at about 4 or 5 Re (16000 to 20000 Inn). The ixetmm and electrons in

_isbeUarepresmnedmbeofsoLwmigin. Eiectmnscircletheeanhemtwa_protm_westward. The ring current
is coiocated with the emeg VamAlkn Bdt.

Theiaaer_isixmofthe_. It hmecetaMethmtheoet_belL The imer belt's peak

pretm intemity eccun at ahem i.5 Re (3000 lint). The protein ag thtxqghtm be prtmmly of temauial origin --

cn_ed by _e coWmms of cou_ rays _h upper amuphe_ a_ pnm_c_ hmeg b_t proteins me high emeq_
0_eV m_). Umake u_d _nicks in k omef Vm AUra be_ mm_ ptmmmphme _ in the w _
gtautat _h mg eanL

2.4.1.11. Currems in tile Jommpbere - cou_ bY CmlMsdu Rekert Frederick, Air Weather
Service

Cm flo_ i me muq_me seem to be d_kd imo t_ ping _e eqmm_ ekcuu_ and _e amur_
"raeeqmm_ m is k _ dc_ m betas mo_ a_s wi_ k _ _

The _-----_r__ekcuojm m _q_ to be due m ekc_c fieMs i respome to _e c_s m_ _d fieM _ _
nols in _ mpmuq_e.

Chaq_ pm_ks i _e moselle _ch we dra_ed ak_g w_h _e neumd atmmphe:e _ in a _1E-
W cmgm. Thu cumem Fuermes _e_y weak _ funds _uch cm be demaed by earth breed _.
The neuuul ammspltwe moves in n:slmme to lurer atnction, solar aaractim routheming. Periodic flucumtimm in

_ have beea kk_fgd _ O:ese_ mofion_ Lmag grav_fim_ tidescausevarmfionsm
malgaetogramsofonlyafewmmtesim0aT= i0- gams)withaperied_l/21umgday. ThesearecailedL-
¢:m:gI_ Bothmgra_tafiom_fide$($t)aadao_flu:t'mo_(S_t'aveapmodoflday. Tbeeffectofso_r
heating ($2) is ngh greate_ tlumgntvitalimml tides (Si ). CoBecuv_y _teae two are rekned m as Sq ('soL_

gemmqme_c_ly qu_day'). So_eHecmcmae_ofabout20nTatm_ Chamgesm _e
ieaizat/ea e_ the _ affect the anita sad Imw cunems aml tlma_n: influeace the memmed magnetic f_ m
ere rank Pmk_ wec_utm dmq leomap_c monl UV. md x_y ndmfioa _mm a_ar flu'es _
_nmm_y _ ioniz.ttoninruek_q_me. 'rue_ dy_mo.:_mm ,n_, i _ wi_
cmductivity, wtic_ in turndqmds on iatitu_, altitudeamtdelpee e_ imimim.

l_e_ "dymmo" cunmt is8,eatmtwi_n _" ar_hemqlae_ eqmt_ inananew altitudebrad

Omuad_0kmthick)ataheil_HOlm. Thecumatte_timisdemmiaedbyleu/l_emad3mamics. The

co_su fn_am_ ugm_es as k dems_ mg_a_ When _e ce_m fnN_gy _, much grea_ _mmme
_ ame im m_u minim _r :uecum_ pmidet WUm:Ue_ _smucugreaer turnthe
collision hequemcy, clmq_ imnk:les move akaqgthe mqp:e_ fund lin_.

TUeequmm_ e_uejet cunem nou,s tmm_ _ em _ eU_(_tward minimof etecuem) andpmeUges
vmimk_ of up to 100 to 200 aT in mqaetognm_ The westward flow at nilghtis nearly m:deteaable because of

the smartekcu_ co_mumi_ m _ht i the E _ver.
At hqh _fimdes _umema ca symem_ to _e mO_mn_hme in _e amor': _ These

emma cm vmy ue_y depend_ cm_ dayand_sk s_X dau_ corm _c_ _ _
conditions



2.4.2 GeomapetJcStorms-. contributedby CaptainRobertFrederick, Air Weather

Geomagne_ substonn bath spacecraft in a widely varying, complex and very interesting environm
These are two types of geomagnetic storms:

(1) ,_l]flldg..Sl_u - caused by mass ejections from large flares of eruptive prominences (or disal_
fdamem), and

(2) F_diglgnl._i]t_& - caused by high speed streams in the solar wind associated with solar sector

boundaries (SSBs) or mmnal holes (with open magnetic field lines). Recurrent storms show a 27 day per_
au_ciated with solar rotation. They are similar in _y to sporadic storms, except they tend to have
i_kud Ixmweakeronset,andI_ kml_.

BaChsporadic and recurrent storms ultimately depend or. particle emissions from the sun, which in

depend on the overall level of solar activity. As a result, a plot of getxnagnetic activity with respect to tim(
follows the mlar cycle. However, the peak of_ activity tends to !M that of the sanSl_ cy,_-Aeb]
yews, because corm_ holes me larger, sl_, and more cotmm3nin dte pe_d between solar _ _ mi_

Geomagne_ storms ase idemified by _ in magnetonte_ readings. In general, Kp _>5 c
30 indicates a geomagltic strum. MMnetic im_ is _ it mm_ detail later in this chap_ and in A_
2. Gecmapte_ stores seem to Igoem)u_ fourptm_

O) SuddmStonu_mmeaoemcat(SSC)- Alsokmwnasa'suddenccame=ceout'(SC). A
pxxnape_ m bqgim with a drop iacmme in the H ccxnpoe_ at all iltud_ Mmmt sinmlumo_y
at M! statJom.

(2) inkid Plme (!_ - For about I/2 kow to serum linersdtc H compmem n:mainsdrove ixe-sa
values.

(3) Main Plmm (MI_ - Bepu wilk a _ in the H componem,andlastsfor sevcndImursto _
,day. _ e(100 to wverM hmdmd mmteslas(aT)mtyeccm.0 aT= 10-5 pros).

(4) Recow_ Pbmg - A slow _ of the H cmnlxxtem to iae-storm kvels over a _ of ho
z, mi,b3_

2.4.2.1 Geomslgm_ie lmlkes

Gemnagnetic indices were develeped m monitar the vamtim in the mape_: fgid of the earth. L_

ntagnetic field at am/pmitm on the earth will be _ by three vector cemponeJ_ so ihe variafio
local _ field ctmsists _ dwee "mqgnewlWim_"which show the vmiatimt of those thrce components
function of ling. A number c( indices have been dk-vekqgd which tend m eml_hasize one or _ aspect
maOz_ activity.

For example, the "Dst" indlex was developed to reflect lhe pemsqulkm in the magnetic field due to

_ inther_mgcimem. To (k)dds, Dst or "EqualmialDst" ruesat averageof thechaagesin thedat;
numb_ of low latitude statiom. Pk:ag refer to Appendix 2 - definitions uttder A index, a index, Dst, etc..
I_ degrilaiem e(the indices ceumm_ in me. A few indices are descn'bed Iglow.

Figure 2-9 shows how some of the indices reed by the Ak Weather Segvice of the U.S. Air Force _
calculated.This alm indicates how these indices age intmelat_ Table2.5providesaquicksmmnavj.



Largest _ Largest. _ Pseudo- !

Differen R ..= Logarithrnjcl v

from LoringSensor _ / . I independenU ..: .

for Loring for I Loring mr Lorm
I

Latitude_lndependent

• ak I I Loring [_ / Eight

co,, .l\

B_:lderJ/_.___.___ Pseudo ogar_

Loring

Ap

Average ]

Eight ]
Consecutive

Values
J

Figure2-9. HowAWSCalcuimesSome Indices: _ of APGWC
C,eomaoe_ _v.x _ (Proc_ask=,1980)



Table 2-5. Indices !: Stanma_ of Some Geemagne_ Imtkes(Frederick, 1985)

INDEX RESOLUTION ORIGIN RANGE UNIT

a

Amplitude

K

logarithmic
aml_itude

a k

A k

ap

equivalent

a'nOtaude

Ap

3 hourly
single s;atim
Latandt.mgitede
dependent

3 hourly
Single s_tafim

3 hourly

sias, e _

24 heur

J,ste mira

Range of the
_est diswreence
of any sensor

C.¢mqued from "a"
using a conversion
fat;or that varies

wi,h_ -
designedIoremove
U_u_e_

_bom
eitheram'K

Avenlleofeightak
_utuesfuraZahtday
(Nine:k iseaea

n_ma by s .__so_
kl

Aveqge _ the ak

valuesforall

repo_ m

Average of eight ap

values for a _ day

linear

log
0-9

linear
0-400

linear
0-400

linear
0-400

gammas

nolle

gammas

gammas

gammas

gammas



Table2-5._ l:Summnmy_Some_ Indices(Frederick,1985)-(ccmui)

INDEX RESOLUTION ORIGIN RANGE UNIT

Kp

Running

Ap

3 hourly
pUmeu_

12 of 24 hour

p_my

compmcd fmm ap

sum of eight Kp

values for aZulu day

avem_ of las_4 or

$ap values

quasi-log
0- 9in

28 sleps

quasi-_g
0-9in

2_ s'leps

gammas

2.4.2.1.1. DsI Imdes

TIz Dst, dm born s "qunid ht" a "m tia nfintim." lades wm_ w mflcct _c H
compmem_misingfmm t_egmscumma_me. Ody_udesm_mmeuse_ S_eamur_
imim_ smimm me am imdug_ 1he Dm Nlmx d_s mmimdm_ amy_ fium Ihe Auroral FAemm_ Asa
msJt,theDstindexismotsmsitivew subalmms,_ ilisamexcellelindicatorf_ _ _ _ _ _ _ I

phme ar_ simms. The timenmolatimartheimdezisme hour.

z.4.z.Lz. Q t_es

The Q, or "poi_ rmge," imdex is a mmm_ of Ihe size of ghepolar cap and gheaurm_ oval summn_i_ _.
Qis a comparison be_een insmmaneom and quimday mmmmenmms. Classical Q is u_e maximmm wilhin any 15

minule bnu_rvaLIn principle, since Ibis is a dire_ cum_ imdex, am_mneous Q prime could be cominually
genemied, lncrease in Q prime signals u_eommofadisuutmm:e. Qisbmedonlherelmionbe_veenlocafi_of

visible aroma and the magnetic field. It varies with the intensity of ionosikeric cunents which flow across the polar
cap, and reacts stroagly togccmagsgtic distmbaac_ h is a quasi-logarithmic index computed only for ebservatories
_0ed _ _ 5Sc_Sn_ geonmo_ _u_

Ai_WC gses a "QE (equivalent Q) index" to monitor auroral mid polar _ Using the formula for

_ relati_ between d_emmml ed_, i_mmpmic local time, md Q, AWS cakulalcs Q from aurcnl Iocatk_.
This cambe exu_Olmed to imxli_ ioca_ns o_ Ihe n_ o_ Ihe amm,al oval and polar _. Since m optical amom is
d_e comequence of am_ puecilpi_n, lhe pmDcipi_fingi_mlicles Ii_mmelves cambe used Io _ Q. DMSP
imagery is used Io specify _ lime md loc_ion o_ fl_ equ_on_ bom_b_ of lhe diffuse _ Also, DMSP
mcsmunans of _ _ cm be real m cmnpu_ _e time md Iocmim a_ _ mmr_ T__se _ncs md
Iocagons are used m esfimme _heQ value _gch would have camed _he_ auroraloval exmm.

2.4.?.1.3. The A and K l_lieu

The A md k indices ate aitemmimg currem indices amdlWesentthe highest and Iov_ values _ _ _ge in
the magnetic field in the given directiom. An_ index cmmot be _ because it mwesents a span of values
withinatimeimerval,typicallythreehorns.The m:emd letter indicates the specific point of view of the index, for
e_unpk,Ap--plancuu_,orAE- ckcUojcc



2.4.2.1.3.1. AE Index

The AE index wm developed to reflect the H comq}omem_ arising from the auroral electro_

alone. Only amtnl latitude stations (60-70degrees) are used. When fireH comlmnent nmgnetogrmnsme
SUlggimlx_, the maximum or most positive value, called "AU,=relxesents the penmbation due to the eastwa,
electrojet (afternoon sector). The minimum cr most negative value is called "AL" and rewesents the pcrturbatic
to the westward e._ctmjet (midstight/moming sectors). The AE index is then given by: AE = AU - AL. The ti_
resolution of the index is 2.5 minutes, but it is available as an hourly average. Yews of AE data have been
determined and are available from the world data center. Hourly averages have been published.

2.4.2.1.3.2. Ap Index

Ap is a daily index that represents the general state of planetary geonmgxgtic activity rather well. It
includes contn'lzatiom from both the ring currentand aur(nl electmjet since the latitude range of the 13 station_
is 46 to 63 degrees gecmalpw, tic latitude (the Gottingm index). The Octtmgen Ap index is not available in tea
time, so AWS calculates and dis_tutes amapwoximat/on of Ap, based on 5 real time gqJogtingstations iocato
between_ md _ des, eraa_magnmic _t_u_e. Crtmneis am useddue to its h/sh semmsne_ t_titude._
deOe_) AWSabou.es, mares 24_ Ap_ _d_ eq_s _e _y Apo_y at_U_Z.

The I_ic imd_ is the "aml)litmk (a)" imdt_ Idhicln is a tiradehoudy, single station index that represa
rangeo(ahela_eaday.raced aw/IpmnFas Ceml_em_ l:mmahisbmicmlexa _4mlefamilyofindi
ca,_becetp,a_ 3hmdy orda_. sinsle_ eri_me,a_,liaeare_IoSa,_e_m_._ a_ cmnbiu,_on.

2.4.,?..I.._.._. K, Igp Imla

K,Kp,I_n -A 3-ho_d_Imienkm qs_ mlex lhalInun_lesameas_e e(lhelevelo(

dim=bm_ of d_ _ fi_kL W'_hes_aphsm'_, 0he_ refersto0hedeviaamsofle mes_dism_

hor_on_ cem_me_ n_ve w anassunw4qu_ da_curiefaruhe_cm_i_ si0e.11,eK lh_ rinsesfrom0
Q,,im) to 90t_lmjy _ 1_ _" nkm_ dmmes al_s_, ase_mml w a am_l_smmn, irides.

is _ i,, _ West Genmmy, breed on lhe K Jlmt fnum 12 or 13 stations disuibuted around the •

_ statiom. The KV imle,x ranges f_cm 0" to 9°, with _,r/csg4hird unit steps (0°, 0+, I-, I°, I÷., 2-, etc
(A_ see ap _, Appea_ _.) ICmis simi_ to Kp but treed _ a nine symmuic Slo_ anay of $_,,o_

2.4.2.2 The Use of imdk'_

There age a large number of indices which are used md available. They come in either ac or dc variabl
mdKe linear, iopritlmicm'semi-_ Oneormon_nmyconrelateweilwith suffacecharging. None

ideal for all emvi_mmrg_y pmdut_ amomalies. Since they ndica0e activity in the magnetosi_re a
since somethnes the activity of the mag_e_me causes m envimmnem at the spacecraft which causes the
mmudy, indices cm be useful in dmemmimins_e creme of m mmmly. Howe., care needs m be token in
_g coneimiemsof abeindicesa_! _he_ of u_e mmmaly, especially the n_occurre.ce when t
imiex nq}eats its _ amJthe amomaly does not occur. Thege is no mbstitute for a detailed _ng (
respome of the SlmCeC_t system to the envirmunem.



2.4.2.3 The Sulmtoru MeclUukn

The ckscgiption below contributed by Hones is not the only model of submorms (see for example Smith

1986). Observatiomlly based models of the substrata seem to fall into at least two classes. One (as given below)

concentrate on the fommtion of a neutral line, and recotmection. Another class dwells on the dynamics of the plasma

sheet bomghy layer between the lobe region of the tail and the central plasma sheet. Although the approaches and

descgiptk_ age conceptually quite di_fe_nt, it is possible they age related, and represent different aspects of the

ccm_x energy storage _ release in the magnetotail. In this area of active observation and theoretical research

much remains to be done for a complete undcrstmnding and verification of a substotm model.

2.4.2.3.1 Smhtorms -- comtriboted by E. Hones, Los Ahtmos National Laboratory

Mont _ of magn_ _ activity picturea "classic"sul_orm processasone in which

tbe _ magnetic field (IMP) tram southwmd malkingit eati_ for eneqly m flow into the tan region of the
emh's magnetmail.Eflia" it was rimed dmt dnesolar w_l, leav_qg abe ran, drags tbe solar magnetic fieM I_ _
likemlk_ frondsimo theslmpeefm Aghimede_ spkaL hta likemama, when thei windflowspastthe

qmUity of q dmt hm bern acquinml dim:dy from the mlag wiml IMhamL aml thtm imfigectly Erom the m itself ,

Tbe adw whnl InB ils own nuptti¢ field, cMMI tbe imuplmm_ magnetic fgid 0MF), which _ _y

tbe suegbed.out xkf magnetic field. The IMP mmggly inllmma_ the effncimcy with wldch the sohr wind emagy
is_ imotheemlt'smaSm0eq_,m. Wben theIMF hu amuahwad cumCpemmtm thatitisdirectedoppesite

totheemh'snonhwmd fieldatthesubso_ smfa_eofuhemaSee_spM_ mape_ _ _ m _
surface,camk_ DAF fiekllinestobecomecesta:tedm emh fiekilises(ml thusmle _ _ _. "t'am,the

flowing sol|r wind plmnm is _ its kinetic energy being trmu6amed imo the magnetic energy of the fwM! lines,

which then become l_t of tbe magnetcmil ml add to the maSnetic q armed thue.
Energy cmmot be stmed witl_ the magnetmail nlefioitely, but must be dissilmM somehow. The

magn_ achieves this dissipation of ea_gy simply by rek:a_ng part of its mmgneto_l to the on-flowing

wind. Such relemes uccur imennittently, at few-hour imegvals, a_d age manifested at earth by auroral __.

Figme 2-I0 illustrates what happens in the maffaemtail during this ptucess of q release. This figure is a cross

section in the ptme of this so_ wiM vek_city vector and tbe em_'$ _ _. Tbe _ regim is theplasma
sheet which extends complexly across the magnetmairs midldme (i.e., out or,he Imper). It contains lwgely solar
wind plmma tha has been cmied imo dte magnetmaii with the magne_ field lme_. The _ of ene_ rekme
begins (in panel 2_ wilh the fomuaion ofa nuqgnetic neutral line, lq',alxmt 100,000 _ behind the earth. This

coincides with die onset of tbe aunmal submmm at emh. Magnetic_ thenproceeds,severingtheclosed

magneticf'_Adlinesoftbeplasmasheetumtil,inpanel5(about5 minutesafterthesubstonnonset),alloftheclosed

/',eldlineshnve been severed(Figure2-10),leavinga cont'qpmu/ono_closed_ loops.This prucesscontinues

(thedarksludinginpmels 6,7,and8)umiltheloepsarem k_er magneticanycoemectedtoemh. The closedloop

conf_,,mation, called a "plasmoid," flows dowmueam aml eventuMly ont of a'nemagnetotail, _ng with it a large
fract_a (ped_ one-t_ of me _-vm_ sm,ed eaerSy. "n_eS_at anmr_ a_ _ d_tummces tha
dwactedze a sulmonn at earth are generated by eneqD, givea up by the emhwaM portions of tbe severed field lines as
tbey cename emhw_.

About an hour after the sequence begins, the substorm neutral line, N', suddenly races downtaii. Magnetic
_ _ng at this retreating neualti line a¢celemles cold plamem from the tail regimls above and below

the midplane, jetting it emlhwafcl on newly closed magnetic field lines, to gfcmm the plasma sheet. This is the

concluding phase o(the subslorm during which amoras at earlh soem to execute a rmal activation and poleward

movement. Panel !0 is essentially the same as panel !: the cycle begins again.
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2.4.2.4 Engineering Models

No nmUerwhat the actxmlmechanism, there is ample proof that spacecraft are occasionally immersed in a
_ot plasma. This enviroem_nt results in high potentials amend the spacecraft, and tlmt, as has already been
_scussod, can lead to engineering anomalies and perturbationsof science _ents. Surface charging results
Promthe encoumer of spacecrah surfaces with a plasma environment of particles up to 50 keV. Energies alcove 50
keV usually peneuale benealh the surface of the spacecraft and consequently do not play a major role in surface
_3rging. Although a full spacecraft charging analysis would include charge _ inside the spacecraft as part of
the total charge effecling the spacecrafl. From an anomaly l_revention and analysis point of view, the important
thing is to describe the environment and how frequently it occurs so that the space systems reaction can be
understood. One such useful model is described by Stevens (1982)

2.4.2.4.1 Stevems' Model

Stevens (1982) suggests a specification which does not have the _ of a real geomagnetic

subs_m but will produce a maximm suess within dielecui_ His specification is given in z_ms of a single
Maxwetlim temqpermmefor settle md _ sulmmms (Talkie2-6). TI_ _ de_ waschosen
|_Dcamee|,epm,k,_ zmb,m _ _dt'== _ dwZing _ zha_q_e Maxwcnimm_,immaas, although
amm mudi_ m _e double M_weaim _ producedmoresevere ctmq0ag. He also meml_! to indicme
how_kmmtsevemedmgimgcmditmslpem_ Hiscm_mafedmlbetow(V-q_e2-H_ The_me
carveramsom to om_ 4000 horns s/racebeym_ flint eme pmick tempmmm_ dropI_w levels _ _
ctmq0mg. The imm_ (in kV) was fmmd to be mmmem'aHyeqml to 10 times the elecuem demity (in cm-3).
To accemt fef Ihe lea cemlmeiliem of the _ enviromnem, which iadicales a sulmmlial oxygen m
_ in aclditiemto I_dmpa iota, die iotademsity is sm to te eme-thinl Orthe ekcuen demity.

Steveas also m_mmends that bo_ sualight (at m amgk ef Eidemce m maximize _ c_ and
eclipse ctmq0mgbe evalua_ He chmes to descri_ zem_s_mmm o_iu dmpg mvinmmems _- temmsto nvo
sim_ ioekiag cwves, filpm:2-11. One descrks the _ o(a Maxweniaaplasma,andthe seccmddescribes
thedemity of the plasmm.Bothcurvesmeafumctiem_lmurslx_ryemllmtsucha_isvalid. This
apprmchprovidesinsight imo the engineemg designrequinxl for the system. The dmtercraves m'eformoderate
environments, while the lighter fro'yes are for sevege envimmnenls.

Table 2-6 Design Environments [Single Maxwellim Description]

Environmental condition

Electrons Ions

Temp, Density, Temp, Density,
iueV cm-3 keV cm-3

Moderate 8.0 2.1 21.0 0.7

Severe 11.0 !.1 11.0 0.4

') "2')
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2.4.2.4.2 Worst case Models

For many design comsidemtions, it is not a detailed knowledge of the day by day environment that is the
ign driver, instead it is the occasional situation which results in the highest charging. If the system will survive
h an environment, the assumption is that any lesser environment will not be a problem. Thus in the literature
re is a great deal of attention placed on criteria for a worst case environment as well as detcrmining what the actual
rstcase enviromnent is. The charging of a surface can be simply rewc_nted if a Maxwell-Boltzmann distribution
both electrons and ions is assumed. The values given in Table 2-7 are a 90th percentile single-Maxwellian
rcsentafion of the environment as WoPosed by Purvis et al., 1984.

Table 2-7 Worn-Case Geosynchronons Plasma Environment (Purvis et al., 1984)

Electron number density, NI ............................................................................... 1.12/cm3

Electron _, TI .................................................................................... !.2 x 104 eV

Ion number density, N2 .................................................................................... 2.36 x lO"l/cm3

Ion temperature, T2 ........................................................................................... 2.95 x 104 eV

Gassanhowm md J_am (lgR2) mS_est ushqg8 sed ¢me from dma mlza m the __ _
AT High Altitmles) melNite oa 24 Aim] 1979. Tbeh""wont cme" is clmm_ from amdit _ _

z_m _nemmite pmemil m,a_ aaecu h im me decam qzam _dliaZ m accuate _ of
mbient Imtickt k sa_iZtt az menite pmm_ is umd_ naaa siece t0_ae_mm provide= signirgam
omuef tbecmem Imlmge.me _ theimtide spectramenffected to t mackkma"degflz. Thcy _ to
_a donbleMazweaim fit to tbe spemal/lagame it is mmom_ m ml hiOiY _

The lal_ Igiow (Talble2-8) 8ires I_ fnnt fore mmnenm d tbe ion and declma disuitxaion function,
etber with Tl(avaage) md T2(nm), dmml the -wml cme" clmliqg at-e650 Lrr on 24 Ai_i. Memumnents
g the 100 eV to 400 keY q mqe wzge used to _ firedistsibuti_ functions. Integmtiem over pilch
_ were used fef all momems; thwcfew,, the mmber md eneqly flax mg avaage diraximJ _fi_. The

meres for iota wae caiculaaed msmn_ _ m the only species.

Table 2-8. Moments amdT_ Integrmed Ores"Pitch Anllk

Elecaem Ions

n: (am"3) 0.9 2.3

NF: (cm-2s-lsr '1) 4.7 x 109 2.0 x 108

r.: (cV/cm3) 9.6 x 103 i.9 x 104

El:." (cV/cm2s st) 8.4 x 1013 5.4 x 1012

TAVE: (kcV) 7.7 5.5

TRMS: (kcV) 9.0 14



The same momems assuming iseUOl_ i_nicle _ md Ung Im_Cle fluxes m 90° l_lCh angle z
given in Table 2-9. The d_en_ce between the _g qumdl_ m the two _ gives a measure of the
m_er_4_y of Ihe pllmnL

Table 2-9.Moments andTemperatures Using Peq3endicularPaniclesOnly

Elecm lons

n: (cm"3) 1.5 1.4

NF: (¢m-2s-lsr"I) 9.2x 109 2.1x I08

_: (eWcm_ 7.1 x 104 2.4 x 104

EF: (eV/cm 2 s I') 1.9 x 1014 7.2 x 1012

TAVE: 0acV) 10.4 12.6

Ti_S: 0a_V) ] 1.3 16.8

i

TI_ zlecm0n md im dmlim md tcmpmm_ thin dmmcla_ Itz doall _ Is mlsmem
disaibu6oa functiom m dse time of the saalit clmlp_ l_k m_ listed ia T_ 2-10.

Table 2-I0.Wmst-Cme _-Squares ParticleEa_ Flt(-4}6_ UT 24 Apli179)

nl n2 T! "1"2

(cm-3) (cm-3) 0zv) 0x ')

lOllS

i.1 1.3 0.3 28.2

parallel 1.6 0.6 0.3 _.0

Elecuuns

pmlzmdicu_ 0.2 2.3 0.4 24.8

0.2 0.6 0.4 24.0

Oussenhoven md Mullen (1982) _ thai "... the high encrlD, eleca_ cusrem or density is the dri_
in chmging spa:ecs_m high k_veb. Thedeaeme (ami_)o(nl ._roddzn2inaeme susscstdmthel
energy panicles me being accelarmed m higher energies (liminginjecu_ evems, and that me introduction of a new
higher energy population is not necessarily required. The high and low energy ion densities remain nearly consm



_ween Imd 2 I_leskm3 during I_ en_repenod. The high emsrgyion lemp_a_mrc slays near 28 kcV and
, e_Sy _ermure, near 300 eV. (Again, caution is advised in using ,he low energy values)" (pp. 7-8).

2.4.3 Spacecraft Role

The critical factm"determining the extent to which charging inleractions must be considered in the design of
_.'raft is the mission of the spececrah. In all spacecraft, diffcrentiM cl_rging is undesirable. For scientinc
raft, absolute charging usually is nm desired. For sho_ missions which are n_eatexl again and again, an
e charging environment may be nm_ approffialc than the worst case. For each spacecraft the effort should bc
d towardcomrollingthosechargingeffects,hataredeuimentalto_e particularmission.
Spacecraftcambedivided_ spinnersandthreeaxisslabilized.Bothdesignsareconccn_ withstability

nfing (communications amd/m"obscrva_mns), and gelling energy from solar cells. Tbe spinnersarcba._ically
nrswith their axis perpendicular to d_ line to the sun. The spinning helps providc the slability through its
regularmomentum along the spin axis. Solar cells typically cover d_eoulex surface and roughly l/x arc
•ing usefol current at any insure. Thn_ axis stabilized systems forego the simplicity of spin stabilization
,shd_7 ma_accemplimmestoneminllmm memmmmwheels},bmrole full useoi"everyso_rcellby
Ig lheir "wings= duecdy at lhe sunatMI limes. Three axis Slmcecrahme muchlike a conlrolle_,platformin
vadous irons cambe oriumod wid, nspect m d_emmor emh, wlleva" is dmired. Pwvis mal., 1984, provide
iowi_ m_l smemlm_= n_=d_ meo_m dmsi_ _ oCmesetwospec_ or smcecrafL

_md_dd_emic s,_es d_S i_t d,_S_S re,am, din_lid _mS_ of _mrd _ _ _

_t clm,_ cram. T_ dm_mm mere _ dmqli_ _- _h/scm_ _e d_ b,,d_ of _ solar array
Diffen_m'_l clm'ging will lilhdy nol be m k_l_e m in tbe qx_ma cme.

2.5 System D_ldmllhl| Clmnl_eristks

Breakdow_ ordisclml_ pmlml_ occurbecameadiffemmfidchaq_ buildupgenermesanelecuicfieM

.ceedsaImP(down flmeslmldatsomeImim.Whereadischaq_occu_ chaq_ isndeasedfromonepan of_c

_lt Io mmha o_Io qx_e.. This c_ _eleasewUl cmilkmeumil thediffemmmialddving fo_c nolonger
Hence,I_ amoumo(¢hl_e nde_ed will bc conuolledby theIc_l ch_i_ sl_ed m _ _ _ d_e siw.
_ge k)ss_ c_n_t Iospm_ drivesllWIccMsurface_o_ IOz_o. Sim_ lhediclec_ iscapacil/vcly

d Iod_ slmctuI_,lhech_ losswillMso cm_ lhcslmcttm_p_ tobecom_lessncgativc.In fact, tbe
InJclurccould become I)o_live wilh _ IO_ spsce I)hlsma _ led begin Iocollect electrons from
droem_ (o,"intact backthe cmiued ones) m reestablishthe _ po_mial requiredby the substorm

The wholc imxess cm rakemicrmecoeds. Multiple _ cm n_ult asvariouspansof tbesystcm
enccmme_ diffeeem_ pop,rids m va_k_s nodes_re disclmq_l. This isespccinllyne when thesubstorm
,intens/_iesremainhigh,Im_ enoughm _sh theconditionsnecessaryforadischarge.
Fora lom_dineitwas behevedflutd_recouldbeachargeIresoveranextendedmea ofthedielecuric.This

_on wou_dha_ p_ced m.-de_m chage kmes c_=b_ of _ cuneats or h_ of ampex.
mcqx w_ bmcdon _ of _ s_ra_ s_les, which _ wecmcul_ lighming-suike
_phs. The diffcn:mid volm_s nec=m_ reproducedas _q_ dmqv.-ckm off_ of dischargcw_rc
_yin =u_msof 10kV. Since _ modeling mdmnem qm:= flisiadlindicmediffcren_al voltages of
m4 kV, it mustbe assmnedthat _ disdmrsesaremuch mild=rmd limited in chargeloss, Without tbe
diffmmi_ voi_l_ on eh_dielecuics,ehcla_e-m_ chwgecle_ olTprob_y win nm occur.

Since breakdowm a_ebelieved Io be due Io _ clmlpmS, tlwy can occur during mnlit charging
_ml ALl. Because sunlight m_lstolu:epan illuminmed sudacesnem'piasmapoemial, wbercas_
uricsurfacesmaychargesu_mglynClp_ivcly,sunlight enluuwes diffctm_ cha_ng. Eclipsed charging evcnts,
trask result in a change in absolute charging for all surfaces except d_ose weakly couplocl tothestructurc
:itance Io stngtmre is less than that of spacecraft Io space,normally <0,2 nanofmad). Diffcrcntial charging in



eclipse develops slowly and depends on differences in secondary yield or other material or configuratior
Transitions from full eclipse Io sunlight are probably the nmsl critical times for developing large pore

differences between one part oi"the spacecraft and another.

2.5.1 Discharge Models

The physics _ dischargcs on the surface of spacecraft is complex. Three types of discharges have beec

punch through, b) flash-over, and c) particle emission. Punchlhrough is a discharge through the mate

occurs at a weak point in the material and many times results in physical damage to the dielectric. FI_

describcs Ihc situation when charge on Ihc surface is removed due to the collapse of potential gradients

surface. G. T. Inouye's "Brush -Weremodel" attempts to describe this type of discharge. Particle emi:

the actual ejection of a plasma from the surface of the dielectric. This has been observed by Nanevicz

Od_r m(xlels and concepts abound. Table2-11 lists song of the current discharge models.

Table 2-11. Disdtxge Models

Model Audmrs Refeteeges

Fu'stPr ip Beersctal.

Brash F_ G.T. inouye

Stetmer Simmer

Lonmnn Lo mn

NASA-Lewis CRI

TRW documem M2-

AI_L-88-34

AFGL-TR-87-32

Figure 2-12 shows the vmious modes and tClgiOnSof arch disdwF fommation in a "simple" I

Discharges in or on a dielectric could be just as complex. In general discharges seem to have some ki_

When a Ixeakdown threshold is exceeded a discharge is possible. The Iramiem gencraled by lhis discl_

with the spacecraft electronics and cause problems ranging from logic switching to complete system f

Discharges can also cause long-arm degradation of exterior surf_ comings and cnlmm_ comaminatio

by causing the release of contaminating particles.
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2.5.2. Criteria for Breakdown

The exact mechanism for breakdowns is not clearly understood. However, current thought is that if either
of the following criteria is exceeded, disc_ges can occur:.



(I)Dielectmsurfacevoltagesaregn_a0erthan500 V positiverelativetoanad_contexposedco
(2)The inte_acebetweenadiekcuicmd m _ conductorhasm electricfield>I0_V/cm.

Edges,point-,,gaps,seams,and imperfectionsinsurfacemnegialstendm occasionhighlocalel

andhenceWomo_ theprobabilityofdischsges.Thesemustbefoundbycloseinspectionofthecxteri_

a system.

The fmrstcriterionisimpoctantinconsideringsolararraysinwhich thehighsecondaryyieldoft

slide can result in smface voltages that ate positive with respect to the metalized imetconnects. This cri_
also apply to melalized dielectrics in which the metalized fdm, either by accident or design, is isolated fn
ground by a resistance value great enough to allow a five hundred volt potential difference. For example
ambient space current of 1-10 nam3mnpwes/cm2 a resistivity on the order of 10 M_-cm (essentially onl2

capacifively coupkd) yields a maximum _ difference of concern using criterion one.
The second criterion applies m thoE areas of a sim:ecraft where a strong negative voltage gradie

exist. This is usually associated with metal miles or wilh cracks in the dielectric exposing a conductor m

when the cha_ stored ea _ in the diekcuic is w.latiw.ly ramble md could be tasc
Whm adisdmge occun,stogdchat_ isaedisuibut_This_ aar_simtthatcouplest

spacecraftstngtmeand pess_y intotheelectrm_systems.The _ ofchat_ lostinmy disc

hignay sCeadaive at t_ time. The ctaqDe tom depends on az voaages on the scacemft at _ me _
oct-ur, nhe patiO) the cmgm takes, and the final sine of the system at're, the discharge.

From m eqiaeemg m of view, Purvis et al., 1964,_ dighasges_ tothea

charge lost m a local agea m feaow_

Qtmt < 0.5 ItC--miam

0.5 It C < Qkm < !.0 laC-nmdwag digha_

Otea> !.0 ttC-sevefe dischage

The cunem in a discharge pulse cm be apwoximated by square, trimgular, _ _ ex_m_
by a resistance-inductamge-capacitmce OgLe) sexies circuit. Purvis et al., 1984, use as an example, an R

V(_._) (_'D cxlgdt)-ex_-dt)(2-25)1 = exp - d

wheg

and V0 is the surface voltage just before the discharge. The change with time of the voltage can be coatI

dV
I = C_- (2-27)

By integrating this exwession the charge loss c_ be determined. The resistmw.e, inductance, and capacit
can be adjusted to weduce a desired charge tom

Robiscoe, and co-winkers (Damas and Robiscoe, 1988, Robiscoe and Sui, 1988, and Robiscoe

model the discharge with a LCR circuit in which the arc resistance is taken to be constant divided by the

This constant alone determine the arc threshold, and the model is able to reproduce a number of experimq
known facts.



Thc si_ of the mc hm beem detmmim_ cxpaimamlly (BMmain sad _ 1979, Stctma- ctal., 1980)
mvayassimplepowasofthedmq_mct Tbe toud dm_c is _ to the area that is chargcd. Thcpulsc
duratim scales as a charactms_ Imqgthof the charged area or as the squme root of the _ The rise time of the
pulse scales m the square mac of the area and the cunent peak also scales as dte sqtmre_ of _ _ (i.e. the total
dtwge divided by the pulse duration).

2.6 Other Plasma Imteractiom

Plasma interactions with a space system involve many aspects of system design. In addition to the
basic charging md discharging of Iii system described above, there are other effects which my or may not play an
important role in a given space system. The basic charging of the system can be strongly influenced by the
motion of the system through the plasma. This influences the currentcollection and adds yet another asymetry to
the problem. Spacecraft motion also allows the formation of a wake about the spacecraft. These and other effects
me discussed below.

2.6.1. Ram and Wake Effects

Simcecr_ in low allimde oddts (<!000 kin) Imve o_ilal velocities om lhe oilier of 7 _ The thermal
velocities c( the ambiem iom at 1000kin is 3 kin/see for H+,0.8 lint/see for0+. Themovememofasimcecraft
Ihm_h Ihe _ puduces a wake. It takes a finite time fer the iem to fill in the void cgealed behimdthe
pmsiq slmax:ma. 'iheclecumthenmJ _at 10001unis 1801um/sec)_ The elecumm tend to fdlia the void
bcbind the speceaaflbet me mmJded I_ the decu_tmic fzld tint mdm from _ _ m _ _. The
pgmm, dimitmim mind a mov_ qm:ecnm win be vet3, cem_a, mint ttkb, thn_ dinzmim_, _ _y
noall_. Thae effects are seemt. plmma measmemma m Mdfdq of the specn in emm'l_,p_feremiM focusing
oresdusimdl_nkksofap_ularene_yor_ The _ecr_iuelf funhercc_aminmes_

by e_ md mSne_ f_, _h_e_ Im_.ucmaedek_mm, md l_ae_u1_

The p/areashea_aroundobjeascm also_ mmmimm _m, duew ehemaen(runicorchem.) _

omzms_ of sme_e mmem_ md came _ _ m m_zJy ctmp_ _ Cauffmam0973)
(see also Jemiela (1978) and Jemiola (1980)) has estimated thatm much as 50 A of mmmal can be deposi,ed on
chwsed opical smface, in m 5uk m one huud_ days. Adno amdNmeva (1000) found that die hearst tale of
semscrs on a l_syaclmmaes satellite aplmw.mly rose with imemed charging. Such deposition may alsoalter
secondary emission and _ wepenks. Long duration exposmes of surfaces or exposed potemiais (i_.,
solar arrays) may greatly enhance contamination effects over the life of a mission. Labeamory and in-situ
measuremet_ by Seop ( 1972 and 1973), Samir and Jew (1972), and othegs have delineated Ihe main fealures of the
plasma wake and sheath armmd small (a few meters in "-diameter)Ixxties under a variety of conditims. Models of the
wake and sheath for small bodies have been developed by Gurevich and Dimant (1975), Parker (1978), and others for
realistic conditions and simple geomeuies. The PDP (Plasma Diagsms_s Package: Shawhan, 1982) may provide
data to con_xm predictions.

Magnetic field induced effecl_ which agenormally ignored in slmcecraft _ calculations may turnout
to be a pagticulady important. It has been suggested that this/t of charged particles to motion may become
of w._l concern for stngtmes larger than patrick gyromdii. The nmgnetic field also induces anisotropi_ in Ihe
particle fluxes. Ambient fluxes, _ beam fluxes, and charged particle wakes are all controlled to a greater or
lesser extent by the magnetic fiekl. Whipple (1965) and Pagkega_l Muq_hy (1967) have analyzed some of the effects
of these magnetic field induced anisolrepiea oa _t charging (see also reviews by Brundin (1963) and Gurevich
et al. (1970)) amdfound that the electron flux caa be reduced by as much as a factorof M on some swface_

The low emergy plasma that weuid nommlly lead to low al_eolutevehick polentials is absent or distorted in
the de_k.dem regiem behind a n object or inside the wake.. Auroral fluxes, artificial plasma beams, or the beams

weduced by dte wake itself c_mld induce high potentials on isolated surfaces within the depletion .region. Potentials
on the order of 1000 volts were observed on DMSP during passage through an auroralarc. The distortions of the
ram/wake during such charging events are being studied as they may ultimately limit the potential to which an
isolated lxxly can charge (Katz et al., 1984).



2.6.2 Radio Distortion iu the Shentk

Reflection: Elecgron density irregularities in the vicinity o(an antenna and antenna feed system c_

the farfieid antenna paUcms, r_lucing the main beam efficiency and increasing the sidelobe levels. This eft

tmdesirable for either receiving or transmitting antennas. Severe destngtion of the beam pattern occurs if t

density leads to a plasma frequency comparable to the wave frequency.

9
fp0dHz) -- (2-28)

103

where N is electron numbe_ density in cm -3. Densities of 108 to 1012 cm -3 are necessary to severely affec

MHz to 10 GE[z range. Although natural po_ electron densities range only up to 105 cm -3, local ioniz_

vicinity of a laqge space structure may be signifgantly higher in the ram din_ction or enhanced due to aurc_
bomt_uxlmenL

the _ demities age expected to be widely vagying ftmctimt of location aml time, the farfw.ld pammt

cha_e with time. RamCwakedensit/es wacohsetv_ to varyovef 105 near the Orbiteron STS-3and ST$

Nataranyoccaniag*aiatiom in ttg _ demities m ag mmpb_e _ toamaan pa_:_ pm:ipita_
aunxalcunemsysamsdisamra4ioumsmissionin the_

I_..,_ _: 1"a¢pnma_ _r plammma pkma inqpdam_ iam¢ vicinay,a"highpo
transmiuascouldcamencmlimareffectsondt¢signab.11renml/meareffectscomealxxaina manimrcd
dg plasma Icnde w gctify die signals or if ineg0dmil_ cau_ wave enemy to i_come wapped m a _
then hanno_ _ or other nonlinear effects can occuc

One o(aho most iasidiom _ ia wldch to get biglt plamm dmsities ia (he region _ _ _

process called _. if the time na_ked for a charged ixmick to tnmit the gup between two elen_

aatenm_ to d_ timenalukedfor_e vogue ondam eksgaU 0ocka_ s/ga._ emm
tho_ elements may release .,ad_ient electrons to came otg or nmt¢ o(the distmtions _ _e.

2.6..3 Collision Induced Ionization

Two diffemm types of plasma sheath formation processes are postulated for the environment aim,

F'ust there are the collisional models of Medved and ochers that assume the dominant wocess is basically t
of collisions between amb/ent pmicles (nearly) elasticity scattering off the vehicle surface and the incomiJ

flux. In the center of mass frame this represents a ¢ollisional velocity twice the velocity of the vehicle tel

the gas. Since the velocity of a typical low altitude vehicle is 7-8 kin/s, the kinetic energy ava/lable per p
the center of mass frame varies fn0m about 4.6 eV for N to 10 eV for 02. There is close to sufftcient enerl

therefore to ionize the ambient constituents in the vicinity of a low altitude spacecraft through collisions.

Station altitudes, however, this Wocess alone will likely not account for the pronounced plasma enhancem

The second mechanism, _ by P'4padop(mios (1984), in_ges a plasma instability to geneg

enhanced plasma sheMh. Neut_ panicles reflected from a saw.llit_ surface at knv akitudes ha_e, as alnmd)

nearly enough energy to ionize the incoming flux. The high velocity of the neutrals and/ons relative to t

magne_ f_.M is also suff_icnt to cvo_ the plasma critical velocity e.Jl'_L Given I1_ ionization,

(1994) _ a plasma process that involves a two stream instab/lity _ d_ incoming ram and tel
ions. The ion instability sets up electrostatic waves which in turn heat the ambient electrons. These in 0,

the in situ and ram neutral and ion constituents. If the electrons are excited to 20 eV or higher, they alloy
reactions. P'apadelmui_ proposesthat this process could produce both "Shuttle Glow" and the observed

ionization and _ in the ram dbection.



2.6.4 Biased Surfaces

Parka (1979), Parker (1980), SL'vens (1980), McCoy, ctal. (19S0), and Rciff ctal. (1980) have all ¢ani_._
out calculations of Ihc currents to biased surfaces for large high voltage slmclur_ They find that a major cffcc_ ts to
inducelmgcvoltagegradientsinthe plasmasheath. Negal/vepotentialsmaycauseweferentml depositionof
positively charged ion comlmnin_ts or spuaeting. Chemical effects in the presence of the accelerated io:e; may be
enhanced.Focusingoraccelerationduempositivepmential5eldswoundcxpc_d high voltage surfaces may greatly
enhance electron fluxes Exposed po_tials such as high voltage solar arrays may cause a variety of environmental
inta_tions. Several of these are discussed in more derail below.

Positively charged surfaces immersed in the dense Space Station plasma environment, even when insulated,
cm lead to subslmtial (10-20% at Space Station altitudes) power loss. Small pin holes in insulation covering
pos/tive potentials on a solar amy are able to muact large cunents (the pinhole effect). Below about +100 v the
elecuem n_tum flux is dxxm wl_ would be expected forthemea _ theexposedsurfaces(typically _e interconnect
wiresbetweensoim"cells). Above abe_ + I00 V, however, a curious pbencmenen is observed lhat can grendy

enlumcenegativecurrem collection fro"positive surfaces. When a smallpinholeexistsin the insulation, the flux of
incidente_cuensacceSmuedby_ sradiemsaround_e piaho_ isof sum_entenerU andmu:ns_tytogenerate
e.,mced nmtmor_ aecaum f_mmk msnmms=._.c_ T_, aod araetmdmtmgn_ey iuuemesez
aplmeat size oi"die l_mle by cn_ing a local _ imk Masma ttm effecdvely defeam _he imulmion.
Such piahoks am iuvimb_ ezcept fm _ ahkk imalmiom, dae to abe flax o(mdaommemu_ md
sudaceamim. Tlmslmmalmscmoccm'evea forimulanedsmface_Fommmely, positivesurfacememma

vehiclememmly lemdnm 1/40el'0heSelPtivesmlacemere."l'sisfellombeame, forme mateeaeq_,theiota

me 40 timesm'mmz slowa Im I_ elecmm. SiEe _ SlmxaaA m awlmlcflarewithreslsa_totheplmma,the

awap nmmJatarnhcaJ mu bem_me. "rnm,_ cm_m tmtmce_efactorb'ha*re:a)iscommm,_nying
dm im almim m at be ]9 _m dm d dz elum atmia m Nm lem_l fete, l_t veq, im_puuu

inacemplew mdemmdiag d this_ istheeaectof"theEm_'s magneticfieklontbece_ _
elecaom.

Sim:em,_ o/"d,e flm_ql may smfac_wiU be uqlmm_ w_h n_ec_ m pimma I_mmd nms_cf _
exposedmwj inmnmamcu will c_k_ kms. Sinced_e_lw c_l _ is m imulumr i_wig _maln a_a
pmemialnearplamm pmmd cnea_g asMmamialdiffaeatialpmemialwishnespecsm uhedm" may _

Thisdiff_ Iresbeenobservediocame rimingIx_hinIM_aloryex_ _ 1974,$1evens,etal.,

1978)and inspace_ (GriefandSzvem, 1979md Gria,1985)a_selalivelylowpo0emi_ (-2_5V in

tbe high density plasmm associmed w_ tbe Space Stmiom). The miag dm_oM is invenely relined to plasma
density. The susceptibility of modern space systems to such l_hesw_.,enais not Immmm,md the relative sensitivities
of two different army designs to I_ same environmem has never been smdkd. In particular, the variation of arcing
lhreslx,kl fer mgalively biased surfaces with ram/wake conditions, solar illummtim, and high energy auroral
electrons has not been determined. Since recent studies indicate that surface effects on conductors and other surface

conditions may be important in initiating arcs,itisnecessmyto examine discharge rates as a function of exposure m
atomic oxygen, and similar processes which could significantly alter surface prcpenks. C. K. Purvis, N. T. Grief,

and D. B. Symd_ratNASA's LewisRese_ch Center, as wellasothers,haveperformedexperiments and commuted
modcls aimed at dctcnnining the rcspmmcof materials md configurmimm m clwging effect.

Very high potential differences betwe_ closely spaced electrodes exposed to theplasma environment are in
danger of shorting out through the plasma through tbe ncmanalpseous _ _ The brcakdown
vollagc in these situatiom is usually _ m Icrms ofa Paschen curve (ill,we 2-13 below).
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When high frequmtcy elecuedes an; _Imeed to 8 plasma it is possible to lleaerme dense electremplasmas by
multiple unlmcUof decUuns with the surfacesof theelectrodes(muailmcfiq0. Whenthe timerequiredfora
secendary elec*xons 8emrated at the surface of the elecuede to trmsit tbe gap betweem_ electrodes is in resonance
with the frequency of the applied voltage, secondmy panicles arrive at the opposing electrode just in time to create
new electrons for the returntrip. Under the right conditions this leads to a a rapid rise of plasma density in between

the electrodes. The effects of a dense plasma in this region can be dramatic, shorting out the electrodes or blocking rf
transmission.

2.6.5 Torques tad Induced Fields

Torques produced by the intcnm_m of current flows in spacecraft with the earth's magnetic field can degrade
pointing accuracy. In fact. some spacecraft use this effect in their attitude control systems. The torque on the
spacecraft is produced by the attempt of the magnetic moment to align itself with the ambient magnetic field. The
torqueis given by

N--II x×(J×B_'_3x (2-29)

whereN ismc m.,que(ganssim uaits), c is the wced of light,x is thc_ vector,J is _e cmn_ deasity reck,
and n is me extmml meSaetic fzkL TMs_.m:Sndcmfer manyiammi_ ca.es beexpresml by mc sisOer
cxim:salm,

N = m × B (2-30)

wbe_ m is _e nupz_ mome_ Tbe magmtic momemof the sqpEecraftis calcuimedby imngrmingover ull of
abecunem kxq,s.

= I/ammxl xxdlm 2c curremloop

_--'C -[ × (Area Of lOOp) (2-31)

where m is the magnetic mmnem in ganssian emits. The second expression is useful when iig current lies in a
p_ne.

The wmgnctic fgid also plays a ale when there is movement across the magnetic field inducing currents and
electric fields in the same manner as an electric generator. These effects could be signifgant for large objects or
tethened olgtmimu In these cases both the chaqging, induced cunems emd fgids and the torques and fotqceson _
space system will need to account for the presence of the earth's magnetic field and the motion of the space system
with respect to Ibe magnetic field.

For example a satellite at space satire altitudes will see an electric field of about 0.3 volts per meter
radially from the earth. The tethered sa_llite syswm (TSS) seeks to use or at least undersmml this effect by studying
gravity gradiem smbilized wires tens of kilmnezrs long genera_ IxsemiM differences of kilovolts. For structures

this large and with voltages and field this big, many effects will become immpmtantincluding the ability of the space
structures to collect and maintain the cmTents implied in such a system.

2.7 Summary

Plasma interactions with the surface of a spacecraft can a_l have lead to surprising reaction in spacecraft
systems and need careful attention from the beginning of the design wocess. However our understanding of plasma



p,ocesse#is gmwi_ q_eaMVptmm, _m_ns _ ba:om_ undmmod, md me_e,,e _ _lmiques
(see clmlp¢_ 6) mrailMl_ for m_y o_"I1_ known effects. Aldmugh sludied for a long lime, Ibe physics of

tm_kdowns h not yet fully devek_ De_kd descr_fion of plasma cunents m the magnet_phere is an active
fieM of research. More subtle effects of the plasma of space sysw.n_ xe becoming important. / the inev_ble

change in space sys_jn _:hnok_ _ focusig our auenfion of new aspens of chafing. Spacecraft charging will

continue to be an unporUmt aspect of space system deign for _te fcgeseeabk fumt_. The hard learned lessons of _¢

pest pn_ct fetme Wogress and devek_ment a_:cur am_tk_ns m space grow.
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Chapter

3
INTERNAL DISCHARGES

II II III IIIIII

s.t lind n_

SCATI_A qm_ Vamp_a _ A_nDqm¢_,Whi_ ¢taLa/PL md odaeclbepm w m_ce _ _

renal to b¢am_l I_ diglmllm batat timu wlmt m mrf,_ dmlliq MutM_ _ _ _cm
gnxmd -¢imulationsu_ lagF stgfac¢ dischaqD_ Rqpgodlgedthe itomaly, hi other cure no gmstmablc surface
dischargewm able to_mdEe the ammmly. Fmmilya mlb conelali_ o(Je mommy _dl Ihe high e_tergy
o0mpon¢_ of I_ eicclr_ R3ectrBmwas_ This leadIo a new _lbtf'mldfm q_IcecTaft¢hmsmg.

a numberof q_c=craft _ momalics, lnmmaldLclmq_ arc_ ditTcuk m s_t¢ a_d=¢ corr¢
with madaxlly diffeRnt environmems than surface disclurges _ _ in Ctul_r 2. In this mt we a_e c_
dds_ imcmal discka_cs, to emphasizeIk¢ ideadmt¢b¢¢Mr_ bBildap fit _ _ _ _ t
slxgecraft on fk3atiugcoltducggs or in large volumes of dklecgic. Olher wodgers refer to the same phe_
deep dielectriccharging,of electroncausedelecuoatagtg_ pulses(ECEMP). No mau_ whatrig name,
slxgecra[t design is needed to avoid anomalies duc to chwges which _ the surface of _ _ s_ m
btdklup within _ near scns_dve electronics.

Inten_ _ are discharges thatoccur inside d¢ spactgmft due to charge buildup on and inddc

materials. Of most _ are large volumes of floating conductms, ahhough charge buildup in bulk dielectr_
on the surface of good insulauxs can also W,xkge unwanted effects i_ systcms. The most graphic examples ol
disch_:s in imulators arc the l.,ic_ pmtcau paxhx:_ in cic_ plast_ samples by tx)mbardngnt with
electrons. Figure 3-1 emi:)lBsizesthe charge buildup and discharge in a circuitboardwithfloating lands.
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Figure3-1. Imcn_ Cqm_ Buildupand Discharge



3.1.1. PeNtratlon of Electrmas to hiterior d Spagecraft

Thecak:ulation_ theIm.ssageofchargedp_dclesthroughnmmrialsinvolvesenergyloss*otheiximmy
chargedparticleby ionizingorexcitingparticlesinthe.,nale_Msalongitstrack,by Bremssoahlungandother

inelasticscatteringprocesses,andbyelasticnuclearscaaering._le efforthasgoneinloaccurately

describingtheseprocesses,andcomparingthesecalculationstomeasuredresults.Forelectronstheprocessis
particularly complicated by the fact that the electron's mass is so small compared to the mass of the atom and
therefore it is easy for it t_ have veTy large angle scattering events.

;3.1.1.1. EaerLT Loss by Electroas

The easgy Iou per unit i_th length decteags with hcteasing electron ea_gy with an inverse _
squared dependence until the velocity becomes relativistic. This is _ by a Ix_d minimum (called the
"minimum ionization') with a very slow increase at higher me_gies. The energy loss of electrons as a result of
ionization as the elecnm travels a dista_ dz in a matet_ _

mov0 2 n + In {y- I} + _,In{'f+ I}

_r

whue y is Ihe tehtivistic factor, I _-'_, vo is the incidem elecum_ velocity, 1 is the iemizafion enugy of the

material, m, the test mass of the elecutm, ami e the chagge on an elecumt (see van Lint et al., 1980, p. 58).
The_ase atveryhigh_ isduetothe_ _mlming ofthetratuveneekcuicfieldd.,..

movingelectnm.Thisw,lativisticeffectaplmaghesavalueof1.3to1__times themilimum value depending_
the ma_ial. The iomzssion ires in other mssee_ cm be es_used from wheeae_ lass in silicon _ m_
by the ratio of Z/A. For e=anq_ stopping power (d_Mx) in ifom is 0.96 times that in aluminum.

Fog electrum of eneggy 10 MeV or les_ imtizaticmloss is the dmnimnt mechaaism for slowing down am
stoppingelectrom.Above 10MeVodterwocessesbecomeimpom_ ThisissimwninFigmes3-2md 3-3.

There are many texts (for eumple Evan_ 1955, or Fermi, 1950), _Mch g_re detailed discusskxw s_l dcrivath_ns (
the t_spon of ekctn_s (andoth_ pwtic_s) m maucr.
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3.1.1.2. Electron Range, Effect of ShieMing

Since inte_nml discharges depend oa panicles penetrating to Ihe place where they collect and finally

charge, shielding (if grounded) can be very effective in mdlucing ID. For example, increasing the shielding from

_to lO0-mil (Aluminium) will remove internal disrJwq_ as a concern for many geostationary storm
viromnents.



Of pmticd imema is the range _ decu_m in mamdds. Figure 3-4 _ the empidcal rmi_ _cq_,
ndaticmhip for ehx:trons absmbed in Aluminum (Evans, 1955). Katz and Pinfold, 1952, give an empirical fit,

R= 412(E) n ; n = 1.265-0.09541nE (3-2)

for electrons with energies greater than 0.01 McV but Jess than 3 McV, and

R = 530 E- 106 (3-3)

for elecmm.s between I and 20 MeV. The range, R, has units of mg/cm 2 in these expressions, and E is in MeV.
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3.1.2 Chm'le BuiMup

The charge buildup in or on a magcrialcan beeslimatcdby considering all of the currents which deposit
charge either in or on the material and.those which rewese_t currents away from the material or surface. The



expressions and discussion on surface charging already covered are still valid. For internal surfaces, the only

difference is to calcdate the incident flux by considering the effects of the shielding the spacecraft mass provides

between the surface in question and the ambient environment. However, in addition one now needs to consider the

charge deposited in the bulk as well.

The currents which need to be considered in calculating the charge deposited in the bulk of an insulator or
isolated conductor are:

1. Incident electron and ion currents

2. Secondary emission from the surface

3. Diffusion of charge through the material

4. Charge [low due to electric fields inside the material (perhaps an Ohm's law type flow? See discussion

under material charging.)

Hopefully in estimating the charge buildup, some of the above, considerations can be neglected. For

example in many eases the ions do not penetrate very far into the interior of the spacecraft and only electrons need bq
considered. If the surface of the insulator is covered with a cocgluctor the boundary condition is established by the

potential of the metal surface. Suppose we have a planar piece of ungrounded metal which is collecting charge

rapidly, so that we can neglect the leakage from the plate through the insulator. The charge buildup will be

determined by the capacitance of the plate Q = C V, wbez¢ C ,, ¢OKARI, K is the dielectric constant of the material,

gO is the dielectric constant (8.8542 * 10 -12 farads/metcx), V is the voltage across the material, V = E x d, d is a

typical thickness of the material and E is the electric f_l across the material.

Typically, a good insulator will have a breakdown threshold electric field on ilg order of 106 V/cm.

Specific geemeta_ aml diekct_ mcre factors o1"3 or4. The charge

required to can_ a Immkdown if none of the charge leaks off will be

Q = rotE = z 8.8x IO-14 faruds/cm x 106V/cm
A

(3-4)

where z is somewhere between I and 10, so that the fluence ¢quired will be

A = 5.5 * ]o zz z"-'E-- (3-5)
A cm 2

3.1.2,1 Charge Leakage

Low flux lalxrat¢_ tests have shown that dielectrics do not charge and discharge all the time. One

conclusion is that dielectrics inside satellites must charge to some steady state potential where the charging current

balanced by leakage terms. Leakage terms can be included in the above analysis by considering the voltage as a

function of time including the leakage term.

A r I r

V(t) : _" J j d,- _" J i(leakage)d, (3-6)

In the case of a simple Ohm's law material, i(ieakage) is the voltage divided by R, the resistance. R is proportiona

to l/couductivity. The conductivity is determined by its ambient conductivity plus any radiation-induced terms and

field-induced terms. In general, there can be a voltage dependence for the conductivity. This formulation can be

expressed in a more pleasir.g form mathematically as follows

dV

dt
A . V(O i(O*d v(ooq,V)
cJ(t)-CR = te 0 -' ' zt 0

(3-7)

The expression relates the change in voltage based on the incoming current and the leakage. For steady state, dV/d_

0, the equations simplify.

Lalxratory tests also show decharges long after the charging beam has been turned off. This implies that

simple Ohm's law behavior is inadequate.



3.1.2.2 Material Charging

Charge buildup within a material such as Teflon can be viewed as follows. The charge on a surfa(

incident charges from oulside the malerial is calculaled by considering secondary emission, etc. (as outline(

discussion of surface charging). The eleclriC fields inside the material will depend on any exlcmal fields, th

charge (as a boundary condition), the polarization of the diel .clrk, and any space charge left within the bull
dicleclsic itself. The boundary conditions will play a significant role in determining the field across the die

A dielectric body which includes trapped charge is called an electrct (Gerhard-Multhaupt, 1987). In some c_

trapped charge in an electret is of opposite signs and the net charge is zero. In figure 3-5 Sesslcr (1980) ix

some of the configurations of planar electrets.

dipole charges "__6; _ surface chargesi
() space charg,

.+2
/ _-x\\\\\\-_xx\\\\-,.\\\_ metal electrode

charges displaced within

domains (Maxwell-Wagner)

Schematic cross-section of some planar electrode and dielect

configurations involving excess charge and polarization

+ + + + + 88888
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+ + + + + +
00000
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Figure 3-5. Electrets: Excess Charge and Polarb,.ation in a Dielectric



3.1.2_t. Csrresls is Electrets

Cornmts flow in an electret because of time and spate vatiatiom in electric fields, and electret charges.
Following the discussion of Sessler (1980), the cta_oat is easily divided into conducfvc and displacement
components. Conductive current.; are the physical motion of charges through the material. The conductive-current

density is _lat_l to Ih¢r_d charge density Pl by the continuity equation:

Pl(X,0 0 Ji(x,0
= - forplanarg_aeu3, (3-8)

The real charge density p is relau_dto the electric field by Poisson's equation,

V-D = Pl (3-9)

TI_ total charge density is made up of two parts, the veal chm_ density, pl, and the dipole polarization or

microscocic chargedisOacement c,omponmt.

P ffi PI+P2 and o = a 1+o 2 (3-10)

for smface du_ demides. "l'aedipole _ ccmComu is relased m thin pan of the polarizafoa of tl_
maamiaL_ "frm_a,-ia _ aue to ... m_ c_ _" (Ses_, 1980).

p2 = -V-P2 (3-11)

whes¢ total imlarization, P, is divided into two pacts, the _, Pl, and the quasi-permanent component, P2

P = PI + P2 : PI = ¢4](£-1) E (3-12)

Displacement currents are due to inductive effects.

aE 0 P2
J2 = _0 £ _" + T (3-13)

Thetolaicta_ntdensity is j=jl+J2. (3-14)

Tim conductivecurrent,Jl, is expressedin termsof mobilities aad chargedensities as

J2 = [g+PlPl ++p2p2-]E (3-15)

The cortdacfivity of the dw.kaafic, g, is

g = e(nl _1 + n2P_) 0-10

where nl is the density of intrinsic positive carriers - both _ and free,andn2 is theintrinsic density for

electrons. The total charge density for positive carriers is

• n 1 + pl +



and for negative caniers

en2+p 2-

The trap-modulated mobilities for positive and negauve carriers are I11+ and tt2- respectively. One reason

up the expressions in this way is to separate out the physical components where g is the conductivity ef tlu

dielectric, and p is the generally space dependent excess charge carrier density. The internal charge decay in

dielectrics is governed by this conduction phenontenon. In substances capable of quasi-permanent charge stq
mobilities are trap-modulated. If an eleclzon is trapped near the bouom of the conduction band and moves b

extended states by quantum-mechanical hopping, the process requires no thermal activation and Icads to rela

high mobilities (10 cm2/(V-s)). If the electron is trapped below the "mobility edge" it needs thermal energ 3

pexfonn the hopping process and the mobility is typically four orders of magnitude less. So-called deep traI
even smaller mobilities, IE-10 to IE-17 cm'Z/(Vs).

3.1.3 Maxwell-WagBer Effect

In _ matedalsconsisdngof different_ orphases,suchaspaints, il isposs
the_ m havedifferem dielectric_ and _ In that casechargescanaccummla*
inseffaas between _ When such a Sml_ is beated and sobjec_ to a fgld thcse charges can be
if the field is malntain_ during coolit_ Sul)sequmt dtennally Jmolated discharging (TSD) of dte sam_

show an excess chwge peak when the ualq_ chaq_ is nualralized by conduction across d',e imP. (See

discussion by vast Turnout in Sessler (1980) for compamon of a simple model with experimental results.)

Such an efff_ also IRIgan im taaifonn samqJles wheat tadillka4ndtg_ conductivity dissipates elec

nm-uaiforndy. In i_diated didectric_ Maxwell-Walp_ dislribeti_ cam be imp_lted without temperatur
and external elecuic fgkls by lgneu'a_ charged pmick_

3.1.4 Am Ettmplt - Teflon Characteristics

Teflon refers to either P'rFE (Polylarafluoroethylene), PIFA (TetraIluorocthylene-pcrfluoromcthox

col_lymer), or FEP (Telraflouroethylene-bexa-Iloumwopylene col0olymer). It is a combination of crystalli

amorphous regions. It has no piezoelectric or pyroelectric woperties, and so is typical of many spacecraft (

and it has been extensively studied (see Sessler: 1980, and the references therein). The intrinsic resi._tivity,

high, =!022 obm-cm. This is because both the mobiliw is small and the density of intrinsic carriers, n, is

dielectric relaxation time, e_o/g, is approximately 109 s. in Teflon, Iransit time measurements over i:)criod_

of one microsecond yield mobilities of 5 E-5 cm2/Vs and hole mobilities an order of magnitude greater. E

mobilities obey an exponential temperature dependence sugge_ling st, allow trapping centers.The temperat_

dependem:e of "free mobility" is typically T--1 to T -'2. The Schubweg, that is the distaucc over which a cm

under the influence of an electric field before it disappears by recombination, is about 0.1 micron at a few :

FEP, and 6 microns in Mylar (PET -- Polyethylene terephthalate) for an electric field of 8 x 105 V/cm an(

WoTx)rtk)nal to the electric field. Holes in FEP have a Schubweg of about 100 microns for electric fields c
of 105 V/cm.

3.2. Experimental Rates

Experimentally, dielectrics have Ir_cn obs_-ved to charge to a steady state condition without discl_

condition is referred to as a saturation potential. Other materials have been observed to continue dischargk

external fluxes have been removed. F-orthose materials in which a saturation potential describes the matca

no discharges have been observed below 0.3 pA/centimeter squazrd. At that current density it will take 74

reach a total deposited charge density of 5.5x 1011 electrons/era 2.



Thelimethatdie.lecu_storechargeischancteris_ofIbetimeconslantsforleakage.Typicalspacecraft
dieleclricss_o_ _ forperiodsraging betwe_ hoursmKl days.

camnic 0.5hour

2bows
Teflon 12hows

FiberglassFR4 >24 hours

Wbencvor the time to accumulate 5.5x1011 eleclmm/cm 2 is less than the typical dccay period of the material

and co_i81nfien, internal discharges are possible. To be absolutely sure then will be no dischargcs, measurements

of the materials and configurations of interest ate highly desirable. Variations in material and breakdown threshold

could decrease the flucnce required by a factor of :ca or rno_. Table 3-1 lists typical resisfivities which can be used te
estimate clua_ buildup.



Table 3-1. Resistivity Table

TITLE RESISTIVrrY

ALUMINA

ALUMINUM

AMBER

BRASS

CARBON --

COPPER --

CROSS- --
LINKED
POLY-
STYRENE

10 1 1 TO 101 4

(23 (leg C)

DELRIN

EPOXY

GLASS

DESCRIPTION

(RED CAST)

ACETAL POLY
(OXYMETHY-
LENE)

SEE

ohm-cm

2.6548 mlcrohm-cm
(20 de0 C)

REFERENC

CRC, 1977

CRC, 1977

-- CRC, 1977

CRC, 197711 mk:rohm-cm

7 microlmm-cm (20 deg C)

1375.0 mlcrot,m_..

(0 deg C)

1.6730 mJcrohms-cm
(20 mg C)
1.71 mleroOmo-em

(20 mg C)

10 16 ohm-cm

101 5 ohm-era

4 x 1016 om-cm

1012 TO 1016

CRC, 1977

CRC, 1977

COTTS AND REYIE

COTTS AND REY!

COTTS AND REY|

INDIVIDUAL
DESCRIPTIONS

HARD
RUBBER

IRON

KAPTON POLYIMIDE

9.71 mJcrom_m
(20 deg C)

101 4 TO 101 6 ohm-era

CRC, 1977

COTTS AND REYI



Table 3--I. Resistivity Ta_bic(Com'd)

1Tn.E

KAPTON H

LEAD

MERCURY

MICA

MYLAR

NICHROME

NYLON

PARAFFIN

POLYETHY-
LENE

POLY-
ACRYLONI-
TRILE

POLYAMI-
DEIMIDE

DESCRIPTION

POLYIMIDE

A) SHEET
B) MOULDED

HUMIDITY
SENSITIVE
POLYETHY-
LENE TEREPH-

THALATE (PET)
,l||l

(66) POLY
(HEXAMETHY-
LENE ADIPA-

WOE) HUMID-
ITY SENSITIVE

FIESISTNITY

1013TO 1015 ohm-cm

20.6448 mlcrohm-cm
(20 deg C)

96.4 microhm-cm
(SO deg C)

A) 10 1 1TO 10 1 5 oltm-cm
B)IO "t_ olun-cm

6.4 x 10 9 TO
101 8 oh_

ii

100 I_

(20 dig C)

10 1 5TO 101 9

(2O deg C)

olun-cm

10 1 : TO 10 20
1 01

ohm-an

REFERENCE

COTTS AND REYES, 1985

CRC, 1977

CRC, 1977

KAYE, 1986

COTTS AND REYES, 1985

CRC, 1977

COTTS AND REYES, 1965

COTTS AND REYES, 1985

CRC, 1977

COTTS ANO REYES, 1985

(PAN)
-2

10

lx10

7
TO 10

17

COTTS AND REYES, 1985

COTTS AND REYES, 1985



Table 3-1. Resistivi_ Table (Cont'd)

TITLE

POLY-
CARBON-
ATE

POLY-
OLEFIN

POLY-
STYRENE

POLY-
URETHANE

PVF-2

SILICA
GLASS GE
CLEAR

SILICA
GLASS
PYREX

DESCRIPTION

POLY (OXY-
CARBONYLOXY
-1, 4-PHENY-
LENE ISOPRO-
PYLIDENE-1.
4-PHENYLENE
(LEXAN)

POLY (ETHY-
LENE-CROPY-
LENE) THER-
MOFIT)

(SOLITHINE
113)

POLY (VINYL-
IDINE-FLUOR-
IDE) (KYNAR)

17

RES6TNrrY

>10 ohm-cm

14
lx10

101 70llms.cm

14
23 x 10 ollms.cm

1
2x10 5_

REFERENCE

COTTS AND REYES.

POLY TETRA-
FLUOROETHY-
LENE PTFE

YELLOW

TITANIUM
DIOXIDE

TEFLON

1.59 mlcrohms-cm

(20 deg C)

2 x 10 2 3 m_

(20 deg C)

16
8 x 10 ohme-cm

10 1 3TO 101 70IIIBlkcm

10 1 3TO 101 8

(23 deg C)
ohmlPcm

SULPHUR

13 15
SILICONES m 7 x 10 TO 10 COTTS AND REYES,

SILVER m CRC. 1977

COTTS AND REYES,

COTTS AND REYES,

CRC. 1977

CRC, 1977

CRC, 1977

COTTS AND REYES,

CRC, 1977

4 TO 2,500 megohms-cm
(3S0 deg c)

4,000-30,000 megohm-cm
(3SO deg C)

COTTS AND REYES,

COTTS AND REYES.



TITLE

TUNGSTEN

VITON

WOOD

DESCRIPTION

POLY (VYNIL-
IDINE FLUOR-
IDE CO-HEXA-
FLUOROPRO-
PYLENE)

(PARAFFINED)

Table 3-i. Rcsist/vity Table (Cont'd)

RESISTIVITY

5.65 mlcrohms-cm
(300 K)

i2 X 10 1 3 ohms-cm

8 19
10 TO 10 ohms-ca

REFERENCE

CRC, 1977

COTTS AND REYES, 1985

KAYE, 1986

3.3 mldmrl_ I'r_-m

Wid,-At a diglm]_, mtm imemal ekctnmics aml devices do not experience lu,rmful effects. When a
_ occum a slmP i._ dd_umqlmic mqy i rekamt whidt can couple into dg elcctmmics i _
maifunction, moi_ or even bum-om of the ekglmmics. Tl_diglmq_pmcessisnot mglctst(xxlwociscly, it

ofamasu_ _ atweakdownwas c_lly sheughl_ k ;hatofaps. The possibk modes for
_ in a ps wcge shown in F'qgu_2-1Z The Im_dmm can be manifested in any number of ways _g
on the voilage characteristics. For liquids and solids the sJl_tioa cambe just as complicated. For example, in solids
with voids, the voids break down as a .retail gas would under tbe allied voltage _ t_ _1 behav_ of _

_ is a mixture of the solid behavior and Ihe small gasoous portion. These azc called partial discharges in
solids (Barmikas,1987). In ,.hiscase,the solidbehavespeffecdy linearly, but the gas in nccdlcshapcdvoidsbreaks
down whomtbe vohage across the ps is exceeded ewm thmqghthe stress in the solid matc_ _ _ _t _
breakdown. Depending on the density of the voids, this can lead to very complicated situations.

Tests are usually relied on to wovide some insight into the behavior of matcrials, various techniques have
been develol_ which ta_ into consideration the unique_ of solid,Iklukl or ._scous materials.

The fluence required for Ixcakdown in an internal situation like we have just described will be the minimum

fluesg_ required, since we have assumed there is no leakage. So we do HOttypically expect internal discharges unless
the fluetge is > 5.5x1011 e/cm2. For materials with low lxeakdown voltage thresholds and with perverse geometries
and dielectric properties, discharges may be seen at lower fluences. Nonedglcss, w¢ would not expect internal
disclmr_ unlessthe materialwasa good insulator or an _ conductor which had experienced a flueaw.¢greater
than 53x!011 e/cm 2.



3.3.1. Buried Charge Breakdowns

In the situation where charges have sufficiem energy to penetrate below the surface of a dielectric and
become trapped while the dielectric surface is maintained _ zero, strong electric fields will exist in the material
This can lead to electric fields inside the material large enough to cause lweakdowns. The field can even change s:
inside the material. Breakdowns within and on the material can be avoided if the material is conductive enough.
There is some work currently pursuing conductive polymers (Conwell, 1987), but most commonly used dielectri

on spacecraft are good insulators. An estimate of the conductivity required to eliminate the danger of buried char_
and surface discharges can be made as follows.

The diffet_tial equation relating currents and fields for a linear dielectric in one dimension is:

t _-_ + g(x)E(x,t) : J(x) (3-17)

where t is the dielectric constant,g(x) is the conductivityat depth x, E(x,t) is the electric field, andJ(x) is the cur
density. The solutionto this equation, assumingJ(x) andg(x) alrcindependent of time, is

where EO(X)is the fiold at t--O. At iong times this redua_ to dte formE=JJg--asimpleOlun'slaw_. T

thelh_t,J,intoamlontofthediekariccanbereedtoestbnatetheconductivity,g,requiredtoeliminaleintexn_

The currentdensity,J,thnimgsubstonnsistypicallyinthermge 0.1to1.0nA/cm2,givingavalueof.
10-]5 _ for the mhu_nun allowable dak conductivity asmmmg the _down f_ld is 10_ V/cm.

3.3.2 Minimum Discharge

In pseons discharges the Immkdovmdepends on the pmdnct of the iaesmre of the gas, p, and the sepan
of the electrodes, d. At values ofPd aPlm_hing a total vacuum the breakdown voltage is fairly high, but as the

pressure increases, the bceakdown voltage drags. At some value of Pd the breakdown voltage re_bes a minimum
and begins to rise. Early rocket flights with exposed high voltages experienced breakdowns as the rocket passed
through this minimum breakdown region; that is, for a luted separation between the high voltage electrodes, as

pressm¢ _ the breakdown voltage fell until there was a breakdown. The breakdown occurred at some high
altitude when the pressure times the _ of the electrodes was above the Paschen curve. This dependence
shown in Figure 3-6. The minimum is called the Paschen minimum an_ithe curve is called the Paschen curve.
Breakdowns_.auid be expectedwhen the volmlp',acrossthe gap betweenthe metal electrodes exceeds the Pasche_
CUTV¢.
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3.3.3 Electrode Geometry

The details of a Paschen corve for any gas depend mt Ore dlmpe of the electrodes separ_ by _ _. As

the electrodes get simper, the local electric field gets higher and the breakdown voltage drops. Similarly the

bcmkdown in solid dielectrics is influenced by the shape (t nearby cocduclocs and the charge distribution on and

within the dielectric. For many experimental studies it is convenient to divide the configuration into the simple

geometric categories shown in Figure 3-7. The energy and peak voltage in the breakdown pulse cvcn for the same

malerial are strongly influeAced by the geometry. In general, floating metal configurations givc Ihe largest and

nanowest pulses; bccakdowns indielectricssuno_md_ by metal give the smallest and broadcst pulses; breakdowns
involving one free surface give intermediate results.



Cable and Planar Symmetries

Free Surface

sensitvecircuit

Enclosed Volume

Floating Conductor

to sensitive circuit ._

sensitive circuit ,_

Conductor Connected to Active Circuit

conductor I-'1 DielectricFloating

F_urc 3-7. lnumtai Discharge ConfilPualiem Used on Internal Dischargc Monitor

3.4. Calculatlmt olr Internal Discharse Rules

If internal discharges casmothe eliminated cntircly, I1_ ¢nginccring conccm is "how ot=cn will Ihc disch=

occur."." A fe¢i for Ibis number can be oblaimd _ rcl'crri_ to Table 3-2 from Coaklcy. In Ibis labi¢ thc time

required in seconds for Ih¢ flux to equal 5 x 10! ! ¢/cm2 is ¢stimalcd for diffcrcnl spacc cnvironmcnls and shicloinl_

Thcrc arc approximately 8.6x10 4 seconds in a day and approximalcly xxl0 "/scconds per ycar. Tim shiclding is



•minted to be aluminum with 2.7 g/_n 3 density. One rail is one thousandth of an inch. The fission saturated
nmnl_rs ignore the fast 12 hours after injection of fk_sioa electrons to allow the pumped up belts to equilibrme.

typical pulse shapes suretlmu_t a3 be in the range shown in Figure 3-8.

30 V

m

o

> 1V

eB
Q
Q.

__ Typical ID pulse

circuit

1 100

Pulse width (nanoseconds)

lmemalDisclm_ _ Typical ID lmb_ me gcacmcd onn'-asoed)iy
small surface am_aBor in small vokamcs of iimulmms amdso range from 10m
sevend Imadml mlliveas wire pdse widms in mtmecond_

Table 3-2. Time (Secoad_) to Reach Miimma l-wemmlDischm_ Ruence (CoMkley. 19_5a)

Enviromtzm Surface 20 rail I00 rail 250 rail

Natural
Low emh orbit n/a 2x 107 5 x l0 s

!/2 synchmn_ n/a I x I(# 2 x los
l.o synchronous n/a ! x 105 7 x los

Storm
Lowemlh orbit n/a 2x 105 5 x 106

]_ synchronous ]o2 7 x 105 8 x 105
1.0 synchronous 3 • 102 ! x 105 3 x !0 6

Fission Satmaled
Low earth orbit _ ! x 102 1.5 x 103

I/2 synchmao_ I x I01 2 x 103 4 x 104
1.0 synchronous ! x 101 7 x 103 13 x 105

l x I0I0
I x I0I0

Ixlos

Ixl0 8

lxl0 6
:.c x 105



3.4.1. Discbarse Rate Depends ou Incident Flux

internal disdurges occur on and in mategiais with very hilgh resistivity. For those matedals, the voltage

drqp across the _ to maintain ctmrents on the order of thoee flowing m space is reasonably _. The larger

the current the gn=_ the potential difference for ideal Ohm's law materials. From this alone one would expect a
flux dependence on the rate of discharge in insulating materials. Figure 3-9 shows how the assumption of an ideal

Olun's law _ is helpful in determining which materials are internal discharge concerns.
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E
0
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0
°_

°_
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1015
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1E-16
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1E-14

Approximate Space Current

1E-13

1E-12

1E-11

/
10 10 2 10 3

Electric Field (V/cm)

F_,ure 3-9. Olun'sLaw MategialsVemas Spree Currents

10 4 !0 5

Electric Field

Necessary to
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3.4.2. Experimental Discharge Rates

Fqlwe 3-10 shows some data from Conkley (19_Sa) on cbcuit board materials which indicat_ a flux

dq?mdeace. After the iailiM shml) ri_, the diachaqle rote q_pems Io be almost linear with the flux.

1000

100

i

rnlO

(for a printed circuit board

and a fission spectrum, see

Coakley, 1986a)

(Notice that the discharge rate

is not linear with accumulated

charge)

0
I I ! I
20 40 60 80

Internal Discharge Rate/hr

100

Rl_c 3-10. Flux Vemm DisclmrseP_,_.c



Some_ mamils ud _ line Ix_ _ for in_c_M dischxgccbam_z_cs.
Table 3-3 is taken from the work done in im_enmg the humml discharF monitor for the _ _
0tottnmm,_985).

Table 3-3 Measured internal Disclmr_ Pulses

4

Thickness Min Max

Umerid Shape Vo]mse Vo_se

Fmerg_ ]25 m_ 0.m 5.0
_4 _mf_mtim 2

Ftbeq0ass 125 mils 0.O2 100
_4 _6

Fibelllms 125 nulls 0.05 1.00

Pit4 _4

47 _ O.Ol 0.2O
Fit4 _2

90 mils LO0 !00.

Team mmSmem6

PEP 9Omils 0.02 0.20
Team emqmmim4

FF.P 9O mils 0.01 0.2O

Tenon _2

FIFE 9O mils O.O2 1.00

_4

90 mils 0.03 0.2O

_2

Alums 40 mils 0.02 40.0
ouaf,g,,mm 6

3.5. CoupUn8 to Sensitive Circuits

Once a dischn_e eccms, die meplb_ ar cmml_ pmeeds em_ m described in the discmsim of su6ace
chaqliagamddis:bmlb_ Thediffemmcesbetweemmimteruddischafl_mdasmYacedisclmq_are: thelov_

mnoum 0¢ meflly usually involved, dte sligbdy fmlcr initi_ pulse, md the possibility of _h c_ __ d
u_e_ siuem a sem_ve c_-u_.



3.6. ID CxmlSll Esvir_mexts

Imemal di_ Ke _ whench_ pmn_iclaImild upona swfaceor in the bulkof a malerial inside
IJhe_pmcecraflw die poimwheread_ckarge occun, lntemd di_ing w,o(concem whenthe guencereceivedis
greater that appmxinu_ly l0 ! i electrons per cetXime,_ squared. For electrons to pcnctratc the skin of the spacecraft
and so cause intemal discharge their energy must be in Iherangeof 300keVto5 McV. lk4ow about 300keV
electrons cannot ignewale the skin of a typical sql:ma_raft.Above 5 MeV, electrons typically pass through a box of
electronics, and for cleccmics nearearth, the natural polmlation of elecuo_s above 5 MeV is very small. No
laboratory eXlgriments Io dale have produced interna!dischaqges wilh currentdensity less than 0.3 pA/cm2. The
popelatkm of electrons in moot slgctra is well below 0.3 pA/cm 2 above 5 McV. Somc missions (for example tbosc
to Jupiter) may have to contend wilh harsherenvironments bat Ilmse tend to be specialized c&ces. Each mission
should evaluale its misskm flux independently. It is the peak flux which helps dctermine the likelihood of intcrnal
discharges. Figure 3-1 i shows a typical environment o( concern (the predicted CRRES environment an eliptical
od_t from shuttle altitude to g_).

Predicted and measured laboratory simulation spectrum
for IDM (after Coakley).

¢m 2

2E-11

2E-12

119od_

Laboratory

2E-13

2E-14

Figure 3-11

1E-2
I I '

1E-1 1 10

Energy (MeV)

u>spzeVJecam_ Predic_andMcasu_Labaao_
Simulatioa Specuumfm IDM (Coaklcy ctal., 1985)

The envimmneat neat"Ihe earth is shown in Fqgat_ 3-12. A fission salurated environment is a good
estimate of the upper bound of the peae/raling electron fhtence for imernal charging calculations.
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Fir 3-12.Spa:=FJccu__ (Cmklcy,I_)

The time it minesfor a satell_ to Imve its imemal dielecm_ dmqled by a fluence _ 5_ x 101le./cm2 r._n
be emimated for diflkm_ od_ momtd the emh as s fmclim, d Ik Mdddi_ betwem _ _ _ _ _
of _e qm:ecma. In Table 3-4, dtese cdfMmiom are ammm'iml fer two od_ of inm'es, syndmmom and haft

•llm= dmk_I/q _ m abo _ mdw _ _I_ ¢mOimn, 20-, lO0-, m1250_il dmimm

w.oa,:ulateddmqle,intmmidirJmqleis a¢emcem,.if ,keMNd-_ timeis d,on mmlmedtodietimeto
_ 5.Sx10tt ¢_:m2d_eadzm ism mare's forimmmidis:lhml_

C,oodim,ds_S m_i_s _ ,rodin_pms:r_ Im_ _in dat __ on U_e_ _ t_ z$
p_ohm-a:mimem'.Eimrict'=idsmayE_lme_coadmiv_l_,mon_rofmal_nxleor m_c. Radimon
induced conductivity ¢a_ increase Ihe c,enducfivity even higher, typically _ ord_ of magnitude. Surface
conductivities are an order of ma_it_le higher than I_k ¢o_l_itics. C¢mmics in .,_cccr_'t configurations will



m days. Reilvides o/r some sl_cecrah matm_ls Be ghnm i Table 3- I.

Table 3-4. Chaqp_ T'me for ID Near Earth

I

0 mil shielding _

Low Earth orbit

One-half

synchronous

Geosynchronous

100 rail

Low Earth orbit

_mmmlmmmmmmmmml

One-mdf

synchronous

Geosynchronous

Typical

2.0E+7

1.0E+6

1.0E+6

Storm

2.0E+5

7.0E+4

1.0E+5

Fission
saturated

1.0E+2

2.0E+3

7.0E+3

Fission

Typical Storm satu rated
II I I

5.0E+8

2.0E+8

S.OE+6

8.0E+5

1.5E+3

4.0E+4

7.0E+8 3.0E+6 1.7E+5

One-half

synchronous

Geosynchronous

Typical

1.0E+10

1.0E+10

Storm

1.0E+8

1.0E+8

Fission

saturated

1.0E+6

1.5E+6



3.7. Summnry

Interreddischarges occur when clurged panicles, psimatily electrons, penetrate into floating metal or chunks
of dielectric within the _nd't. Thus we me limited pcimmily to the radiation belts where there axe significant
quantities of high energy penetrating Ilmlicles. We ate ixrimarilyinterested in electrons because of their long mean
free paths at typical radism belt energies in typicalspec_rattmuctures.

Following geomagnetic storms the radiation belts can be emptied aqd refilled with high energy elecurons.
During active limes like that the fluxes can reach high enough levels to cause inlcmai discharges. The GOES 4
failure was cm'n_lat_with a buildup of the high energy eleclmn l_pulafion. At Jupiter, the quiet time radiation belt
is of suffx:ient intensity to cause ID's (see the POR in Chapter 5). Internal discharges are especially worrisome as
they occur very near sensitive circuits and do not benefa from Faraday cage design. Care in removing floating metal,
caxefui electmak: design, md adeqwe shielding cm elimimte or _ intemai discharges.



Chagter

4
SINGLE EVENT UPSETS

4.1. SJuSk Eveut Upem (SEU=) nee te iimvy bus

Single=win qnm mejmzJu_ i=m imesmed¢imJitwbm=_ pukm =¢Jmq_is de

_ckmpm_ __iwtd_ twlm. Memm_ mp=i=_ dram=vkb = ImZem=d_ o(l_
vis_dydmu0mu_ SEUs. (A mezmz7Icczm_ i=tZlmlly m,zk =p d mo_ du o_ =:aive device md __
_) 1'_ iDJmu_m becmeacar:an indwbee1970's,aMmSb JtInd been_ mdkr.
txa_ a co=_ txou,_ ad_ ta:lmJ_ (nx_ CMOSmd _x_) w_ _ u_,ds _ _ _
big_ qzed md _ = mmner=mmmt=fchaq_involvedia =mr_ t_ _ in e=:ciu:_ Lower
powerisdmiml fornmm=¢_.iem ¢ma_ =8¢.HisI_ speedisneedalf_ mere==qzhimkzaJpmpmnsmd
opcratimaiperfemmm_. Slxed i=a memre ef _e =tee= dine, the_ nhedelay time or _me other_
that measm_ how fret ih¢ devke caa perform ils fuElim. As _ has adt-mced, a bk ia lb.=device is

by smallerand small= mnms o(cha'l_. This is illuslnted in F]gun: 4-1, which _ G-_lil¢oProject
used to explain to NASA mmaf_ncat why this effect was not ef ceecem for Voyager, but was for the Galileo
sptcccraft. The y-axis rei_es_ts a quality factor for Ihe device. It is Ihe energy in picojoules involved in each
opemim of thedevk_ Tt=emeqD msociatedwithea=hoSperatmis k powerrequiredtooperatethedevice _
by dteIJmcrequiredto ¢=mpl_¢ I1_ _. For_ reasoas,chipmanufactmeswantchipswhichare

faster,me aminimum ofpow_, andholdasmuch iafomulimaspossible.As onedecw.asesalongthey-axis,one

iseiu_ incr=ts_ t_ spealof d_ d=viccc;deozasingd_ pow_ (_ both). The _ axis (x-axis) is the
threslmld fef singk eveat upseU for a device. The smalkr Ibis value. Ihe larger the se_tivity ef the device to SEUs
will bc. Thus the space rqnsenled by dtis paph expresses two measures of "p3odness" fof the device: its
_ value, md its Imrdnessm SEUs. "l'aebou= labeled ia d_egg_ce ale the a_ual peffennance of cla_es of
c_ edumto_ imle nx_m imm. kind m lmmperfemwee ere Gaiiko Wesrmnhopedto es_mme wh=e the
cm_em4evelopmenmia dev_ tedmolo_ ,m=e iead_ wi_ _ m SEU _ Sincecemme_ial forccswere
pushias mwmb m Im_m pmsit_ a value ferthe atal3, per_ pmmeu=ri,.sc_n_ ckar that_ _
goiag m beceme mine md m=e ===ieve to SFAJsuales=semeatingwas done m alert__ m _ _.
8Jt(JtOf'h3dwayS tO¢isrcufltvattthat 8sl_e(:t04["_ 8Jtdfll_elrdevic_
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4.1.1. Early Histe_ - (Coatrilmted by E. Petersen, NRL)

Wslbmtk and Magus flint lxtglk:tcd upsets in 1962. They looked at the evolution of microcircuits and
poimtcd out that as the devices got smaller they would en_t s regioe in which there would be upsets. This work was
mere or Jess ignored because it was too far ahead of its tLme. Then in 1975 Binder, Smith, and Holman publisl,_l a
paper in which they gk_if_ upsets in flip-flop circuits in the space environment. This work was again ignored.
In 19"_Pickelitd Blssglfctdpe_fctmed an aulysis of the upset in dynamic circuits in space. In 1979 May and

Woods showed that upset _s in newly develoiwd 4k memc_ chips were caused by alpha particles, and a t_aln
from _ Hughes and JPL lead by golasins_ used pwticle sccelegators to test Binder et ",d.'ssingle event

suppositica. Since thai time the_ ha,,_ been many upset tests and lxedictions as well as upsets on satellites
using sensitive psm. Upsets have occurred in all kinds of device types including TTL, CMOS, NMOS, and fast
bipolar.

4.1.2. Basic Mechanism

exl_riments with SEU sensitive pros showed that to zero onier, the occurrence of anSEU was a step
function lWOCeSawith a _ dmennined by the dmsge stored on the nede in the IC representing the state ei the
bit. The simtde aqguatem joes tlut when m ionizing imticlc lXmSesthrmqghdte depJetinn region of the off node in
thefrq,-nopcig.it, a_ aecum hosepm J_ aumgk pmdck'spmhare scpsmedby_ ctectricr_Jdin
0et,_u_mn_gio..,umuiq in. stmacm_mp,_ atdm .o_ If d.u purseis targeenoughandfaststonge.o_
the _ of dm CiK_ will came S ChS_ is rib tirol StSB of t_ Cin:uit. This is intewn_l by the rest of the
¢tecloJcs aitta "1Sit-flip" INN:mooibm mamsfyllocadoaatowpeaidsle opixxt_eof wlimtit did befopethe psrtick hit
i(.T_picalflip-flopcimm6tsmedbcussedlm_im_isclmpmr.F_usc4-2illummcsthepmsapofahca_iem

throqhawdet_0mn_imof_ _ mJe.
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Figure 4-3. Classical Experiment Crcs_Seclion. The two key paramelers for dclermining
the SIEUrae me theduedmld aml¢,e.cmm-secd_ a*laq_ I.JETdines Palh
Imglk The aclul ¢mu-sectim as a fmclion of LET limes pmh l_gth will

give a more _alisdc, lower valm of nhe SEU me.

¢1.3. Unesr berly Trand_ (LET)

Tae_ d aaSBJ eommiq iaas_im_ immim isdqxMem be*hupoak dm_ deO_aed_
ahekcklm imJde --a aheamemd _ d'd" demmi¢ dc',k=. La m fzmoonddernhedzaq_
dmo,_z _ d dB Z,,ci_a _

The rate d elqB M edra ipumide is onium_ expueaml J teumsd its mlqdn_ power, _x. dE is Ihe

meq_ loreIoIk imidem l_lide h mwdi_ a diamce dl¢

dE
LET=.,---

dm
Typic_ mils ameMeVhm_nm, (4-1)

Many Umes dds quamky is divided by _hc densiw of the larl_ mmeriai, so dmt _he _opping _ m li_ _Y

arans_ (LET) becemes

IdE
LET Z m i

pdk
Typical units are MeV-cm2hng. (4-2)

Figme 4-4 inusCaes ¢_ typical behavior of vmio_ ions in silictm.
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For SEU mve_ _h=impmlmN _ is lhe clwge demip/per unit pmhleng_. This is _Jat_l to tl_ LET
or smppiq powar by s fac,orwhich expresses_e avera_ eneq_ nXlUin_lina given mineral m Imxlace _
cleclnm-lmle pek. Foe"silicem it takes 3.6 eV/elecuon-lmle Imir. For GaAs it takes 4.8 eV/electrcm-hole pair.

Supsp_ng that half o/"the _ is sepwmaJ _ coneribuzs to the current pulse, then the facto"

1.6x 10"lgcoulombs per 3.6 eV cemvens die energy deposited in s/licon to the charge depos/ted in s/licon.

4.1.4. Charge Required for SEU

Upsets are usually pe0duced when the ionization pceduced in the chip results in a net charge which the flip-flop
circu/t inteq3eets as a cemunasndto clunge state. On the ovcral|e it takes 3.6 cV to Imxiuce an electrem-hole pair in silicem.
Producinge.lecuue-holefirsIm_,_ ao0,_knc_el_Sma.I_ doesnolIx(Xluceaw/nelclm_ _ a_, _ _
fieldeale_ When anelecukl',eldisp,esemas/gni_ ponioQd thecha_e n_ _ _ m_ _ _ _
selmasedamlcollecud._iconwithademi_of2.32_l_cm2m_res 3.6eV/painGaAswithademi_orS.316g/cm2

4.8 eV/Imir.
Typical semiconduczr devices (1960's) store informaliem using a mml clmqlein the ramge o( 0.01 picocoulomb to

1.0 picocculomb. In lenns ol'la0e 1970s/eady 1980s teclmology, featme sizes arcem the osder orone micrem, and depletinn
depk - thelenslhovw _:h eleclncfieldeexisl-arealsoontheoader_ am_. The _ depos/wdinonemicrono_
sili(xm fo_ various pmlicles will, emeqly between 0.I and 103 McV/nucleon (typicalcosmicray cncrgics) arc shown in Figure
4-_.
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cluqle dlk,ec_. If _ were ablew dq_oit OJOIomdomMmi=uL _heulpsetmacd Zhoeeires oa spEe
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=_m we will(Escm de dr_ ofaoa-aomml iacidmce wlMcb Im me eHectori==¢Jq _ _ _ _

m m¢m dquitdmmL F.mmlS_ (cl_ i_) il d_ dit_ caa also iKarm_e d= dm or=

_ • .=k¢m ¢olk= dmqp fMm mim rick.

As mmdmed mrli_ dmSe mpmatioo ink= plat= in me device in rcl0om wb_ _ _ m _ r_

l_em tosqam= dieelemm-h_, lain l_=med ak=llthel:_.le'suack. FJccwic f_ls is __ _

discussed is solid =me physics ,=xts and ci_=it desilla ,ex= (gee for ¢=mqdl¢, lukmen_ and Ash, 1986,Mead aed

Coeway, 1980, or _t and gennin, ',9"/6) In Silicee lechmio_ devices are made by doping the silicon

scm_ with _os whkh cilhcr s_pply ek_mx_ or hale_ Fq_e 4-6 isa canoou ofthejunctioQareawhich

is cssmeimlly free of f_e _ or f_e_._ Eleo_ic f_kls 8_nlly exist only _n these depleti_ n_gio_.

Fik,ums 4-7 md 4-8 stew the cfl'cct of "f(aw'ad i_$" and "rewrsc biasing" on the dqde_e region. The sensitive

n_Sim m m=ny_ is d=c reversed biased region, _,4mre the dq)Icdon _ickncss is large and dw_rcare large ¢learic
f_Is.
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4.1J. LET miredEmile

The LEt _a immu_eisdependemond_ wlm mmmial,isthiscasesilicon,andtheemmgY _ _ E_

pmicle. As theemmly o(theincidempmicleincreases,thedeposildemeq_ incn_esi)abraad_ M _ I
MeV/nucle_ - calledtheBrq_ pedk kyc_ din,k ability_ _e panicletodepos/tenc_y dk_reasestoavery

Im_l minimum nearthepo_tatwhichim_c.lesbecome_.lativimic.AIvenyhigh_JialivislicminglesIbmeisa

gm]e zi_q_ ia the _et_ing powa' wi_ _.
The tinge,R,ofapmicleis(let'medasthedislanceaparticlewilltravelbeforesloppinginamalerial.

tIE dE_.. _ • _ (Ix--'-'---"
• • (_)

_orc

_hme R isle mmle amd E istheiniaialemeqly_ _e lamicle.

Si_ 6_!_ is liv_ as a _ el'mtilly omemay _elrme the stopping ix_ cur_ m _ _ _
dalmmUl_ b aslm_L _ ml iddllsl0_), _II_ (IM0),Ummk amdZlellw(1M0) Im_

pmlc_ _ d momiS nm_ s_ nmSm _ amm_ dimm sad mq_, _mi(n_2) hm _

_ powuemmindmmpe Irarpmu_mm.-nz _ pow_ mm_lmmle fern'isummmim_ l_um,lamJmine
mmmmiml i,_mlde4-8ammlm_ d Imimdmmmm¢._ mmmmammll_r_ mdmmlu,treedrmm d smmiddme¢

bo_ fm_tm imlcb _im immm_ dinemmm_mmmW. WI_ Wll_ wr_l imll_lm tim t_ mira. Im hc_lm
_11 mlmmm_ ml_wlm_ If I_ mmm_ imImlmmm_odm imckimmimicle _11 dml_m imemllr _ m m
mdmglum,_ romp dlZa'_ alnemma'id phe ghedbmm i_mm_dmlh nlne'n"_"lnqlm mmmhl b alneromp i_ Inml
_ _ m_lhd mnmllY. If ahe_ im_r wm_ _mmn_ widl aurallY,gl_emewmnm'l_,wmdd _ jua_tlm_haaknm_
oheooadreunitek_l _ alna__ im_;d_, bat alne_ iLm_m'b a Ihm_imm_ rurallY, aa_lmnlt _ mlnm_imOo

_is _mmmt m o0i_ lle ea_s o_ d_iq --_ muda_ _, SmJ mi_ _a

pmk:l_'m( d mcamllyhc_m_ iaLET ifilmekm_kmliliclem,-,m emmml)rdroveb _ _

4_. i _2.2 _ the imimm_ ot"m_udi_l shieil_ in _U calculmimm.

4,1.6. Fummdllml

Withom u elec_ fe,M o_ diffesmces in elecuou _d hole nmbiSty to sepmme _ _ _g mm's

pe_Jk,ihe_ would be no net cll_ at a circuit node. A Imocem called "fumellimg" can add Io Ihe Iolal chlge
coUecledalanodeinlhecitCuiLFimelliNI _drt_s io Ille exlemim o( Ihe eleclric f_eid which is ummll_ conlrmed Io

thedepimkm layer imlol_silicom beyondl__n_ion. This is illusnled in figme4-9. When lhishappem

sepmmed by _ e_cuic 5dd and add m _hemini dm_ co_sS after _ _ _ _ _ _.
AllhoullhlheIclaldlge coUecledwhereafumelIkr/sarolemy beseveral5rueslhm expecu__ _

llh inlhedeplmim n_gionalome,Ibepulseslillrisesstudfallsimfracliomc(a nlmsecoodasildidwhereno fumel
focmed. Recent wo_lkIm__ _klilioml commplicalio_ For very heav_ iomzi_g I_mLiclesleaving a d_mse u'ack,
n_mbinmion becmnes imnqpo_ decreasing the coHec_ charle. For stone suucUues _hat have very high decuic
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4.1.7. Cnurreamt Pnolse

TI_ cunm injec_l m a nodein dwflip-flopcin_ isd_ sumof _ _ _ -- _ _ _ _
dq)osi_ asl sq_racd i. tic dq)lnke rclJon, IhcchmlP:'swecl)uP" in d_e funnel, nnd the chafl_c which diffuses

ndalive._/slowly fxmn d_e mmaiiM_r of Ihe ions" pah into the depiction region. The im_mpt and funnclicd chmgcs

m'e _ and _ v_/quickly, on the ord_ of a fraction ,_"a _ Thc delayed diffusion compon_t

lalms_mm one _ohmdr_ds oi'_ Iofinallybc _. TI_ loml ceemic my puls_ in_ m _ node of

the circuit is then a shmply rising pulse wilh a rapid decay in a nmmsccond or Icss, followed by a long, slow, small



currentnqmmm_Mg thecollectionofchargewhichisdiffusingfromtheioatracktothenode, A realisticSEU

curreml_Isehasasha_ riseandfaidyfaslfalllimewilhmosloflhechargecollecledinless_ a_ (_

Figure4-10).So longasthepulsewidthiscamidemb_ lessdun thecircu_responsetime,thecrkicalchargeis

indepemlem of the shape of the pulse. For example, Pickel frequendy uses a trapezoidal pulse with a rise time ef .01
ns and a full width at half maximum of 0.09 ns (Pickel, 1983).

1 10 100

IRpm 4-10. IomC"mm_ RII_

4.1JI. AdvancJn8 Technology

One of the imlmmm pm-anet,_ in detennining the speed and power used by a device on a chip is the
feature size. The smaller die featme size the faster the Wocessing speed and the smaller rig power requiRd to
maintain the meng_. Intuitively one would also guess the smaller the threshold for SEUs. The charge stored on a
node should Ighave like the capacitamg¢o(the node ,,A/d where A is the area of _ _v_. For ¢OrLStantd, the depth

of the _ region, eke critical clwge ought to go as the feature size to the second power.
Fqgure 4- I I shows the critical charge plotted as a fmgti_ of a feature size for a number of different

technologie¢ The critical charge essentially follows the simple scaling rule Q - !/I 2 over a wide range of device

technologies and featm¢ _ L. This tmdedies the trends in technologies discussed earlier at the beginning of Ibis
chapt_.
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4.1.9. Upset Meclmsisms -. Circuit Analysis

A dmaii_l cmmidm'mionof _ ci_uiU'y involved is _mys ne_l_ in _rdluating _ respmse of a ci_tit m
an iaaiz_ pm_l_. Simp_ _ _ m douded by the_ of mort:thm one scnsitive
resim, mmm3v_ns whkh hxvea smmitivityamt depm_ omtlw sm_ or"_ _. _pkx _ of _ _ve
volm_ fuamili_ realaw iubmcmd_laiag _" the dmip_ _ming at non-atonal ingles _ _.

_d_k_cmb_bm_l_cnqpxiz_du: (l)_sJx_cd_,kxL _),,dur__
_ mrem mm_ dmq_,. _ w_i_ mm amqp tr t, tr_, e4, _ RAm _ charSeceup_
devic_ demmine kir memmq,sine b_ k lmmaee w akeme _ _wle. Voh_e stom_ devices e&, sink
RAMs_ CMOSRAMs, d_mime II_. memap/mm Iq tlU volm_ which is iPmmmxa cemm_mnodes in a t_p-flop
_n_ ailm_ devi_ dmmmimed_ rummy sine by mm_ minas such dm cemiu _ _ m _ "m"
mat_ Commonbiix_ _ formmnorymd pmue_ applkatimmmct_e uansismr-umsim_ Ic_c,
Trt_ md i_eSm_ _ _ic, _2L An o_ks_ dm'i_s hav_some _iUq, m sing_ evmt upsm
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He also notes that PMOS is susceptible to SEUs. It is important to remember that single event upsets can occur in

any type of digital logic which involves state retention.

4.1.9.1. Charge Storage and Dynamic RAM

InadynamicRAM (figu_4-12),thebitisstoredaschargeon thegatecapacitanceofthe"storage
waJuislor,"Q2. The read,Q1,mKlwrile,Q3,_ areusedtoread,writeandrefreshthechargeonthenode

representingthebit.Nommily thedecaytimeforchargetoleakoffthegatecapacitanceisontheorderof2
millisocmtds. If charge leit along m ion track neum_ enough of the charge on the storage capacitor, the refresh
circuit will replace the one with a zero and a bit error will have occurred. In this case the ion does not need to
inmgt _ wi_ tte _ morn andct_ Jt_g iatothegatemorn my _ _ _ _
inlluence the reJ _me of the ciguit.

i

I
t___J

im

Figmre4-12. A Dynamic RAM Slmage Cell, in Particular, an N-Channel 3-Transistcg Cell Composed of a
Stmage Trmsis_, Qt, and Write and Read TransistOrs. Positive charge is stored on the

gate calPacitanceof the stontge tramistor, C. Electrons coliocted from ionization in the
junction of the write tmnsistm',.Q3, are a Ioaaof charge from the stor,tge node. When the

dwge Ires excee_ some cnti_ chaqle, a bit error occu_ The refresh ciguitry reads
the stmed clmge to t_eah it. but gfresh_ it to the wrong state.



4.1.9.2. Voltage Storage

storagemeckmism forCMOS memory _ thev_Itagcsta_cof ,.hetwo cross-coupledinverte_.This is

illustratedinf_u_c 4-13. The sensitive_umctionsarcthe0_-insofthec.fftransistocs.Inthisca._therearetwo

scns/I/vejunctions,thedraina_PI and the_ atN2. Im_z_Nn atthesejunctionswillputa vc_Itagcdisturbanceon

thech-cuitrode and cat causetheoO_r invea1_tochang,c _ inil/_n$the"bitflip"and singleeventupset.

+V

Figtwe 4-13. CM(_ Memory Cell Circuit. Pl and N2 are on. Sensitive jmgtim_ are the off junctions

In this case thege is a rage condition which determines the final state. If there has beea enough charge

deposited by the ion track, the final state of the memm3, cell will be the opposite of what it ws originally. Figures

4-14 and 4-15 almw SPICE cakulatkxw by C. Chu at Caltech of the voltage on the node representing ,.he bit in two

cas_ fi_ where dxre was not eaough charge to came a bit flip (figwe 4-14), and second _ _ _ (fig_ 4.

15). In bmh cases the voltage on Ihe node goes high, but only in the second case is the feedback strong _gh m

drive the node _ Ihe _ late. The passage of a heavy ion tlm3ugh the device is nmdeied in SPICE putting a

pubeonthemde. Thepulaeheightmdiml_widdtwevatiedtowodu_diffe_enttotal_onthenode. What

the dwi_ is rapiay placed ea the node the cin:uit changes rote. A pulse with a longer pulse but the same tecal
cha_e widehmight mt came a chanlleofstate.
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4.1.9.3. Cwrremt _eerlm8 mind IZL

12Lgatec0mim of a vem_:al.ira Ira_s_ and# _ pap Iransistorwhichare mergedsuchthaithe
collator of the _ Iramistor andthebaseof the verticalIramislor are acommon region. The mochanismfor an
cnor in _ _ bipolar 12L, is iooizabonwithin am"off" p-njtmc6on which rcsullsin a currcnlpulsebcing
applied to a circuit node. If the voltage on that node becomes sufficient to cause a change in the state transistor, then
an "off" transistor can go "on"resulting in a .¢!gnalbeing applied to a feedback path and a flip-flop changing state.
FigtJre 4-16 shows _ cosmic ray currentsomce and lumped node capacitance and resistance.

.___ in (low)

R

-Tparticle
induced

current

out (high)

ff

N

Figure 4-16. 12LGate Circuit (Pickel, 1983)

4.2 Cakulatioa of SEU Rate

Once the circuit sensitivity is known the upset rate is calculated by evaluating an integral that combines the
target size or czoss section, the path length distribution through the charge collecting region, the distribution of ions
as a fmgtion of LET and spatial pmmnetegs, and the critical charge of the device. A general formulation of the
problem might be rewmemed as,

sou rate =
z=l c!$ dO dE fz(E,O,CJ)o(E,e,$)

(4-4)

tlete the summation cf over all ion specks, and the integration is over a, angles and all mergies ( Et,F-.2). The

number of iota of atumic number z, eaerlD' E, and moving in the directic 1 indicated by the angles per unit energy.is.



fz(E,e,,)

The probability that • particle in the given direction amdwith the energy E will cause an upset.is

o(E,e,¢)

Experiments and experience in _ have shown that the ability of the particle to deposit charge, rather than its
et_gy is the most impoctant parameter in determining the SEU rate. Assuming that the cross section depends only
on the LET of the patrick, and nothing ease, we write the cross section as a function of t.ET ra_ex than energy, and
remove if from the energy integnd, and the smnmatioo over ion species. This means that the integral _tation
of the SEU rate can be simplified.

seu rate = dO d6 o(let,0,0) z'_92 f_ 2 dE fz(E'O'_)z=!

(4-5)

Now _ I/m_s _ dw m_gy imqlrM am_d,c rmlp_ of _li_ for mK:hironova wlddn _ _ is _ m _ _
m_mme I..BTof mm:_n (I_). With this simp6ficatiom tl_ SEU nae _ cm be l_lum up imo indepemkm
pm_ reimmat_ the eminamem amt tlhedevice _ Tlii$ utplifie# the cakulatiem cmsidev_y.
_ v,_t't (C.it_ et M., 1987), _, ialka_ tlw I_ hll _ i# mt a:curme, and em tbere is a
dlq_sdlm_ d_ _ m ira,_. Imsirefdlowm¢ &sr.msiom we wiU mume dmaulic aca seaim dora
n_ depeJ mle _a specks,smlIm mhenn_an_a smsi6-vevolume_ beh_ em_dks theph,_ksd

_EU _nnsb-m. lqmvemmu m thismedelmay befencedem usasboahabeaechnck_ c_ime_-_ed¢i_s _

ou_0es_mekds ssdadersmsdm¢ e,n_et

The maq 

• --] , dE f.(E.e.¢,)

focmes on _he eavimmnenL The energy vmge f_¢ea_ imt species is that poctioa of the Bragg peak such that _
LET is greater tlum the given LET. Thisis_own in Vqgwe 4-17. El and E2 ace the eneggi_ between which the
LET is _ dm the Le under_



tu.

O

C
t_

l-

op
c

LLI
L_

¢xl

t,-
.m

-.J

L0--

E 1 E 2
Energy

Figure 4-17. LET Distribution

This =_pmllfion allows | _ of thc f'm=l rate as a simple woduct of the Heimrich fl_ _ _ _ _ •

=mnae at d0eKt.,0h)

(4-6)

where we have let L represetl the LET. In genend the Heinrich flux, *]D, is calculated by summing over all energies

and inn species.

d_L) = flux(iet>L o) = zL92 f_"z dE fz(E,8,$)
Z=! I (4-7)

The energy limits of the integral are taken so that the LET is above the threshold.

The simplification which flows from understanding the behavior of the cross section is even more

significant. Experiments have suggested thae the cross section is in some cases a step furgtion of LET, that is that
below a ce.ain LET vahae no upsets occur and that above that LET SEUs do occur. Further, as the angle of the

incoming flux is varied there is • very simple relation between the cross section, LET threshold and angle. It is

found for some parts at least that if the incident LE'r is divided by the cosine of the angle of the beam with respect
to the surfac_ and the cross section is foreslm_ned by • factor of the cosine of the angle, the result is the same as if

you had nonmd incident pmicles with the effective LET,

This Idliows further simplificatiom in calculating tin upset rate, Since the angular dependence is now inciuded in the

effective LET md a simple coMne factor.
Thus the rate w.Jationscan be gmunmzed as:.



me / o(t ) da

cos 0

O= OOCos e

and

%=mL+b

d_ = -dq_ dcos 0 (4-9)

In particular, a series of cross section and LET pairs from experimental measurements can be used to

describe the cross section. Using the above equations and exwessing dcos 0 in tlgnns of dL

dcos 0 =-_L2 dL
(4-10)

The rate equation lakes the following form

_* n_) b _)= + ---
21-2 (4-11)

where the integral is carried out for each interval md evalumed at the end points of the interval in the usual manner.
This does not account fe¢ pmicles which hit the edge of ate semitive regim. Fo¢ _in _mtive regizm

one sometimes assumes that the cro_ section is pmlmctimml to Ihe thickness times a typical _ of _
measured aess seclio_V_ and that the solid angle for hilling the edge is roughly Im3poaional to t_. This results
is an edge hitting contrilmtion that goes like t*t * the l-leimich flux. To account for regions where the thickness is
longer than a typical dimension on the surface of the sensitive region, the HeiJXiChflux is scaled by taking the
Heimich flux at the threshold LET times t/_.

Alternatively one can "tmderstand"the observations by imagining a volume which collects c,hagge. If this
was a thin rectangular volume (such as one would suspect if the depletion region of a transistor on the chip would
be) then one would observe the same "cosine law" type behavior. Physically in the most simple cses this seems to
be what is going on. In that case the upset rate could be understood in terms of the distribution of pathlengths
through a porallelopiped. Thus the SEU rate is of the form:

rate -_ o/¢J{L) D(d(L))_ (4-12)

Here D is the distribution of pathicngths, d, through the sensitive volume. The "cross section" is now ju_ a
number in front of the integral. In practice we make ibe same change of variable aml integrate over L rather than
angle. For example Adams uses the following in his popular SEU code CREME,



rate -- 22.5 x a .5 C_

d--

D[d(L)]flux(let>l_L 2

(4-13)

wbe_ dr: flux isdlc Heinrich flux calculated in the code. die critical charge is based on the Ihrcshold LET and the

e_ckness of _e r..Wdvc region, 22.5 is • nml:er that keeps _inp in the proper units assuming that it takes 3.6

eV to creme an elcclm0m-hole ps/r in Si[ionn, _" is the critical charge (experimenlally the threshold LET times the

thickness of _he semsitive volume), Lmax is the largest LET for the pmlkle environment, dmax is the longest

din)ugh the sem/Uve volume,rod L is the LET of the pgnicle causing the upset.

42.|. IWmlp'M fw Heiwkh Carve

11m _ LEt m is k m,,mm_ of ar_ J,,,q_ for m:h ion _

f  et>hD)= dE
z=l (4-15)

whese f, is the flux as a functicm of emslD, for each inl species. This dislribuuon is sanelbls rid'cried to m a

/4eiw_ om,c al_ d,e n_mecka wko reed it in im_es_m_ ehe effecm of cmmic rays m Im_a _,

ng"r_.
Rel_mS to filpme 4-,I or 4-5, me cm me ht _ Im by fm _ lowcl LIET,or delms/_ clinic Per

micron-panicle•tacos d,e i0m. _ Imve fomm_y shovmr,J_mornpwts agemx sens/fivem wsets
causedby pmSmu pmSinlgthemqgha semitiveIxm oftheIXifl.Thisisfmsunatebecauseprotonsareso nmegrous in

most _ envimmegnts. For most pmILstoday,protonswhen theyareeffectiveincausingSEUs, do so viaa

nuclearreacticmnearascnsidvevolumeinth_part.ProtoncausedSEUs ared_ussed separately(seesection4.3)as

they involve a s/pificandy diffexcm mechanism than odmr ions and therefore do not fit imo formalism about to be

developed. In d_cmost simple case, whae tbe cross scene md LET dveshokl do no(depu_l on d_e •ingle of

incidenceof theincoming panicle,theSELl talc issimply dte cross section as a functicmof LET oftheincoming

pmlicle intngr,led ove_ tbe flux of panicles with that LET or greater, ln the case of a cross section that is a step
funo.ion, the SELl rate is just the product of Ibe crms section times the number of particles with LET grealer than or

equal to me th_moM LET.

4.2.1.1 Ea,virmsmemls of Coeceru

Settlingasidepm0tmtnuclearneuclio_forspucialweatm¢_ ins_ction4.3,theenvironngnt_ _

SEUs is dw I_h eneq[y iotaCOmlX)m_ of the rad/atk)m environn,enL Although notan important contribulor in

most cases to _beloud radiation dose beavy ions •mepresem m most radiam_ F,ekls-Solar flamesforexample

usually contain scene heavy (z equal to or greater dum two) ions. Even planelary radiation belts conlaJn ions.

Jupiter's radiation belts are Ihought to be rich in sulphur and oxygen. The earth's radiation beh included oxygen and

nim)gen ions. Galluclic cosmic rays include • full speclsum of all elements at very high energies (the average cosmic

ray ion energy is .5 GeV/amu). SEU calculations should include heavy ions from all of these sources. The galactic

cosmic ray ions are present in most missions, although they may not pcnca-atc decply insidc planetary magnetic



fads. Se_ imNide evems.,1Omqlh infn_mem, pmd,sce laqle amoums of heavy i_smm__iy Imv_m
llalactic ceramicrays. Missions which qpmd _ _ae in ,be radiafim belts of a planet may also need to
comid_ Ik _ rate pmducnd by ions from I_ bells. The natural SEU causing cnvironmcms are summarized in
TM_ 4-1. _ it ,s rimed _ d,e), expedence large varmiom wi_h Iocx_ _ time or both.

Table4-1. Natural SEU Causing Environments

env_ronmcnls
Strong time Strong position Comment
dependmce dep_dm_ (see note)

G_iacti¢ ¢(mni¢ rays

Anemudouscemponem

mmemy _ teim

Sotw pmicte evems

no no =! GeV/amu Z > 1

yes no ,-20 MeV/amu He, N, O, Ne

yes yes pmmm: =5O IM_V
some heavy iota

yes _ -I00 bicV;
some heavy imm

Bo_ Immm-cm_ _! he_7-im-cm_ SEUs MamddI_ mmidemL The mmudom comlmnm,
mrms w m_, sim_ ionized immwlhi_ m_ seemoccmimm_ m em_ md _ease *1_ badqlnmml
flmx I_ Ihooe iota imMI_10 m 100 l_V/mmm mmlle.

4.2.1.1.1 Cosmic Radiatiou

Allhou_4_the _ number of cosmic ray pmicles is very small compared to th_ _ radiation bells or
solar times, :._ese pa,-vicles me at very high energy. Typically cosmic my energies are measured in GeVpamu. (An
ainu is an atomic ._..___._umit;thus these panicles have energies on the order of a GeV/nucleon.) Whenever a single

energy pmlicle can influence the behavior of a spacecraft, cosmic rays will be important, in our context,
cosmic rays -- since they include panicles of all known atomic weights and number -- arc of primary concern for
single evem upsets.

The bulk of the description to follow is taken from models constructc41for SEU evaluations from Naval
Research Labenuory (NRL) memormda, "Cosmic Ray Effects on Microelectronics" Parts I through IV - NRL
Reports 4506, 5099,5402,and5901. ]'he reader in need of mine detailed information on static cosmic radiation is
referred m these md Ilhe_efes_,nces Iberein. (Adams et al.. 1981; Adams et al., 1983; Tsao et al., 1984; and Adams.
1986).

4.2.1.1.1.1 Umiversal Abundance

All pessible elements are repn_eneain me cosmic my spectrum. The elcmcntal composition of these
energetic imnicles is similm",o the universal compositkm of n__._eras determined from the study of mete_tes, the
sunandlhestm. Figme4-18showslhcr¢lativcabundm_ofthecimncntsinnaturc(Camcron, 1980). Tbe
mjor elemenls are hydrogen (93.6 percent) and helium (6.3 perccnt). Tbe rcmaining 0.14 pcrcent includes all the



of the dmmms. This is alqpmmmalely the ¢emposilion seen on average in galactic cosmic rays, aldmugh lhe
acmM _ vmies a lot from time m llme.
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Figure 4-18. UniversalAbundance.The relativeabmtdanceof chemicalelementsin name
relative to silicon. Basedon studiesof metcoritcs,our sun,andotherstars
(Cameron, 1980).



4.2.1.1.1.2 Cosmic Ray Abundance

As cmmic rays ttwvedtl_ the phuty, they _ly collide with nuclei oLintersleJlm'igm. The
resulting nuclem' reactkms modify the initial comjmsitimt of cosmic rays. Thus one would expect the oOscrvcd
cosmic my al3endmce, which may be assmnai to be idmtical to the "universal abundances" initially, to differ from
the naturally occurring Mmmlmtc_ became of tlw nucleR reactions with interstellar gas. Figure 4-19 shows the
resulting ccmnic my canptmitDt at an emesgy of 2 GeV per nucleon relative to silicon (arbilrarily assigned a value
of 106) (MeWaldt, pcivme comm_, 198"/). The diffa'cnces are thought to be explainable by nuclear
reactions with intet3tellar gases.
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Fi.gure 4-19 Cosmic Ray Abumlmce. The relative abundance of chemical elements in galactic

comnic my_ (GCR) wJalive to silicon for fluxes with 2 GeV per nucleon. For

z< 31 fluxes age for each deme_ for z between 30 and 60 they are fc_ pairs of

elements; and for z > 60 they are given for groups of elements (MeWaldt. private

communication,tgS_.



4.2.1.1.1.3. HTdrqen Spectrum

TlbemmsdxmdmmeJemeu ks cmmJc nysis h_. Figure 4-20, fs_an Adams, et M., 1981,shows the

differem_ meriy specUmn o/"bydros_ (for the mornpint proiom) for wire' nuux,solm' mka, wd a _ _
case." Atve_bishatai0esasbq_powarlawwithaspectrdindcxof2.75isasoodfi_ Apowerlawspecnm
_ _ kindceuld_ve bernp.educedby_ a_e_jim n r=_dom_ _ fw.lds(Fermiw_._a_oa).
The devia_n belowaboul5 C,eV/amu is u_oul_ w be duem aolar modulalkm. The amount ofsol_ modutatim

depeadson theiPenl levelofsotaractivity,thusoneseesavaria_nfrom_ _ m _ __. At
vesylow(farcomm: rays)e_qies,lhereb a_ differencebetweeneidersoIKrainor_ __ _

thedashedfine_ _e "90_ wona cme." Thiswona cme curverepresemsthehishea

pn_m specuum observed w_h a 90_ confxle_e level includins pn_o_ bern _ _ This imludes mint sobr
flares.

Kinetic Energy (MeV/nucleon)

Figm'e 4-20. Proice Specmun. The diffetenl_ spectrum of hydroKeu(Adams ctal., 1981).

4.2.1.1.1.4. Helium Spectra

The diffaentiai energy speclrum of helium for solar max, _iar rainand the Adams 90_ wot3t case is
shown beJow. The ccemic-ray He abumJm_ is apwoxinutely 15 percent of the H _ in the energy nm_
200-700 MeV/u, mud5 pegcent above I04 MeV/u. Cosmic ray helkun is thought to be mostly primcadial material,
that is only aibout 10% is thought to be seccadmy products from collisions of higher Z particles with interplanetary



ps. In Adams' model, helium is wed for cempari_3m with other elements because it is distinct front all the singly

ChllPd _ 0.e. Woto_ electrons, muem, and pioas all have one charge): it is plentiful: and it has a charge to
mass ratio _ to the heavier elements (and hence has • similag rigidity). The Helium spectra is show_ in figure
4-21

_ Helium

Kinetic Energy (MeV/nucleon)

Figure 4-21. Helium Spectnun. The differential spectrum of helium (Adams ctal., 1981).

4.2.1.1.1.5. Extemsiou to Other Elements

The nuclei of hydrogen, helium, _bon, oxygen, neon, magnesium, silicon, sulfur, calcium and iron ate all

thought to be primarily _. Thus one might expect them all to have similar energy spectra. Adams in

construeting an easily used aml yet ac._'urme model which iueludes all of the importam elements neede.d for single

event upset calculations has ratioed all _ to either helium or iron. A detailed fit to the hydrogen (Figure 4-

20), helium (Figure 4-21) and iron spectra (Figme 4-22) is pmvkled along with a formula for scaling any other

element to tho_ three basic qggtra. From an engineering point of view this is a good technique.

Lithium, bet_ium and boron ale entirely composed of secondaries and hence have a different energy

delgndem_ than helium. Nitrogen is mostly composed of secondaries bet because of some surviving wimaries has
an energy dq)endem:g differem from both helium and lithium. Adams lakes these variations in the energy spectra in

accotmt by modifyntg the ratio to either helium or iron as • function of energy.
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Figm,e4-22.h'oaS_. Thediffenmtials_ of iron(Adams©[al.,]981).

4.2.1.1.1.6. TIN Adams Model

In the Adams model the (fiffegential energy spectra of pmtm_ (fl), helium (f2), and iron (f26) nuclei are

given below for energies above 10 MeV/amu:

f(E) = A(E) sin[w(t- to)] + B(E) (4-16)

where w--0.576 radiam per year, t0=1950.6 AD, t is the date of concern (in years), E is the particle energy in

MeV/nucleon, and A and B are energy dependent functions given below.

A(E) = 0.5 [Fmin + Fmax] ; B(E) = 0.5 [Fmin - Fmax] (4-17)

The functions Fmin and From refer Io solar minimum and solar maximum conditions of the following equation and
differ only by diffew.nt constants in the basic cquabo_:

F = (to)m (_)a (4-t8)



llme ere expmzm or tea, m, is defined by

m * ¢I (e)-X2[t°g10_]2 - C2 (4-19)

The _ of the eaergy ratio is the only factor lhat changes from solar rain to solar max. It is

a = a0 { I -(e)-Xl0°gl0 E)b } (.20)

Admns' best fit pmanmer values for hydrogen, helium and iron are given in Table 4-2 (Adams, 1986).

Table4-2.BasicSpectra:ParametersforAdams'ModelHydrogen(fl),Helium(f2),andIron(f26)Spectra

Paamm_ Hydml_ llelium Iron

ao -2.20 -2.35 -2.14
leo 1.1775E5 &,27E4 1.175I:.5
b 2.685 2.070 2.64
XI for Fmia 0.117 0.241 0.140
Xl f_r Fmmix 0.079 0.180 0.102
X2 0.80 0.83 0.65
CI 6.52 4.75 6.63
C2 4.0 5.10 7.69

Usingthesethreespectraslmp:s,theremainder¢fftheelementsaremodeledusingtheratiosinTables4-3
amd4-4.



Table 4-3. Hydml_a to Nickel Adams' Model for Galactic Cosmic Rays

Eiem_it Ratio" _e_y de_de_ meddedby:

(Z):

H (I) M"1

He(2) _f2
Li (3) 0.330 helium spectra, f2, modif'_! as

Be(4) 0.176 f= 0.021 x f2, for E < 3 GeV/u

B (5) 0.480 f = 0.729E -0-443 x f2, E > 3 GeV/u

C (6) 3.04 E-2 f0

N (7) 8.7x!0 -3 [exp[--O.(M(Ioglo, E--3.15) 2] ÷ 7.6 x 10 -3 exp[-0.9(loglO, E-0.8) 2] }f2

O (8) 2.84 E-2 f2

F (9) 6.06 E-4 f2

Ne (10) 4.63 E-3 f2

Ha (I !) 1.02 E-3 f2

Ms (12) 6.02 E-3 f2 S(E)

A_03) 1.07 E-3 f2
Si(14) 4.63E-3 f2 S(E)

P 05) 2_ F_4 f2
S (16) 9.3OE4 f2StE)
o (17) 0.07o
_(18) o.13o
K (19) o.o9o
Ca (20) 2.1 E-I f_
sc(21) o.042 O(_X_
Ti (22) 0.147 Q(E)f_

v (23) 0.070
Cr (24) 0.140

Mn (25) 0.100 Q(E)f26

Fe (26) -- _fzs
Co (27) 3.4 E-3 f26

Ni (28) 5.0 E-2 f26

S(E) = fofor E < 2200 MeV/u

S(E) -- f0 (1 + 1.56x10 -5 (E-2200)) for E > 2200 MeV/u

Q(E) = 16 [1 - exp( -0.075 E0-4] E-0-33 (this is the so-called iron subgroup)



Z

Td_4-4. Capl_toUrmimn: Ratio of Almmlam_ to lmo for Adarr_s'Model

Elmnem Ratio to Iron Z Element Ratio to Iron

29 Cu 6.8 E-4 61 Pm 1.9 E-7
30 Zn 8.8 E-4 62 Sm 8.7 E-7
31 Ga 6.5 E-5 63 Eu 1.5 E-7
32 Ge 1.4 E-4 64 Gd 7.0 E-7
33 As 9.9 E-6 65 "I'D 1.7 E-7
34 Se 5.8 E-5 66 137 7.0 E-7
35 Br 8.3 E-6 67 Ho 2.6 E-7
36 Kr 2.3 E-5 68 Ef 4.3 E-7
37 Rb 1.1 E-5 69 Tm 8.9 E-8
38 Sr 3.6 E-5 70 Yb 4.4 E-7
39 Y 6.8 E-6 71 Lu 6.4 E-8
40 Zr 0.7 E-5 72 tlf 4.0 E-7
41 lqb 2.6 E-6 73 Ta 3.6 E-8
42 Mo 7.1 E-6 74 W 3.8 E-7
43 T¢ 1.6 E-6 "/5 Re 1.3 E-7
44 l_u 5.3 E..6 76 Os 5.6 E..7
45 Rh 1.5 E-6 77 k 3.7 Eo7
46 IM 4.5 E.,6 78 Pt 7.2 E-7

47 All 1.3 E-6 79 An !.3 Eo7
48 (_! 3.6 E-6 80 Fig 2,3 E-7
49 In 1.4 E.6 81 "11 1.8 E-7
50 Sit 7.5 F.,-6 82 Pb 1.7 E-6
51 Sb 9.9 E-7 83 Bi 9.0 E-8
52 "re 5.7 F.,-6 84 Po 0
53 I 1.5 E-6 85 At 0
54 Xe 3.5 E,.6 86 Rn 0
55 Cs 5.8 E-7 87 Fr 0
56 Da 6.O E-6 88 Ra q

57 La 5.3 E-7 89 P,c 0
58 Ce 1.6 E-6 90 Th 9.0 E-8
59 Pr 3.0 E-7 91 Pa 0
60 Nil 1.1 E-6 92 U 5.4 E-8

4.2.1.1.L7. Variation With Distance From the bum

The flux of galactic cosmic rays varies with ica/icm in the solar system, with the largest observed
va_iatiom being _mthe radial din:ction. The radial gradient is always positive; fluxes increase exponentially with
radisldisumce fmmthesun. The magnitude of the radial gmdiem vmes with bo_ ion specicsmdenergy. For
relativistic co_nic rays the radial _ is expecled to be jam under 4 percem per AU while for cosmic _ _
below 100MeV permcleca daegmdicmisexpected tobeumd_ 10 pcmu:mper AU. Figwe4-23 shows theflex of
fom.diffe_mt iem fct vatiom helim:mu_ disumces. The Imitadinal gradieat is small, under I pen_mt pex degree, and

is smpected et cringing sips cach half sohr cyde.
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Figure 4-23. Flux Versus Helitgent6¢ Distance: The University of Chicago

(McKadgn, wivate communication,1987)

4.2.1.1.2 Heavy lores is Planetary Radiation Belts

Galactic cosmic rays come to otw solar system from great distances and must penetrate the outward-flowing
solar wind to reach the eatCit. The solar wind _ the ceemic rays by deflecting panicle¢ Lowereneqgy

pmicles caa bevy excluded by the solar magnetic fgld (see _ of rigidity in the _). Ma
result, the cosmic rays [eachingeagth vary with the 11 year cycle of solar acfivity. At themaximum of solar

activity, cosmic ray intet-,ity is at a minimum and vice versL The cosmic ray intensity, at moderate energies, varies

by a factor of 4 to 8 dependi_ on the eaetgy anti ion beig conskka_l (see the model of Adams et al., 1981).

The anomalous comlxmem is a curious bump or flanening in the differential encrgy soeclra of _ m

li_ hei_.._, oxygen, niltogen and neon. This featme is sumgly affected by solar modulation varying in intensity

by a factor of 100 to 1000 over the ! 1 year solar cycle in a similar way to cosmic rays. The anomalous component

is more intense at greater distances from the sun, so it is not thought to be from solar flares. The elemental and



istaopiccmqm_kmoftheiom; suglle_ that tbe_imticlesdid notcome from great dis_ Fisketal., 1974,
has _ tint the ammalm_ enmlmnem may be intentellar gas accelerated by the solar wind, Such ions would

be s_gly kmized rngangess of their energy. This would give them the ability to penetrate the earth's
magnetic fw,kl at much lower energies _ fuily-kmized pagticles.

The species, abundances, energies and time variations of particles that are trapped in radiation belts wry
gr,_ly depending upon the planet. Ptmeta_ magnetic fields influence the particle spectrum that is observed near the
planets in two ways -- first, the magnetic field of abe planet shields the p_net from the cosmic ray spectrum and
second, it allows FAtlicles to be trapped near the planet in radiation belts.

The earth's radiation belts are Pol_lated wimmily by protons and electrons; however, heavy ions have been
observed around the earth and other planets. The possibility of trapped heavy ions raises a serious issue for stogie
event upset calculations (Adams and Partridge, 1982).

4.2.1.1.2.1. Helium

Helium nuclei (vtostly alpha particles) have been detected throughout the magnetosphere. The prittcipal
source of these nuclei appears to be the solar wind (Blake, 1973, and Hovestadt et al., 1978). The solar ,rind
pankk_; are _ down into the mqp_ett_hem and agcelemted by radialdiffusion. This process was describ"d
_y by _ (1972) and hm n_dy been shown to describe well the helium ion population in the

(Sp_ldv_ and Fritz, 1978, and Fritz and Spjeldvik, 1979). The bulk of the helium nuclei are,
however, at energies leo low to penetrate the walls ofa spucectafL Assuming that the anomalous component
(disctmed helen) is skqgly _ Blgke aml F"neaea(1977) have suggested that anomalous nuclei entering the
_ migkt be striplled ia the lower Beocegoaa. thus becoming stably trapped for petriGdsup to a year of more.
T_s couMa_t hm_ mm, _, m _ _wed ra_mimL

4.2.1.1.2.2. C, N, and O

C,N,Ill0 lavebernobsmveditsevad _ Itisby nomeansclearthatthepaniclesinall

thue oima_lkats we_ Impped in IIwmllgnclt_afg_, Ixtt in each inslauce thc particles wcrc f_ d_ect access
by d_ immqgm_ cut_, so dteydid notcorn in dirtily fromoutside.

Tmagis_littkckmmtdwactml flMxofuaplxxl hdium and bea_ionsaho_ IOMeWu. Adamsused
the availoble dala md theoretical estimates to determine the heavy ion flux above 10 McV/u and found that there is
qqwemly a mmU EMxof belium nuclei md a mtMler flux of heavier nuclei in the megnetosplgte at all times. He
also found reports of long-lasting _ of the low energy heavy ion flux after large solar flares, possibly
due to the mmmalous mmpouem.

4.2.1.1.2.3. Anomalous Particles

Some Fwticles incident on the earth do not appear to originate outside the solar system. One component

consists o( high energy (up to -20 MeV/amu) panicles which appear to be co-running with the high speed solar
wind and _ field stnglmes of the sun. Another, the "anomalous component," appears to be singly
k3nized lwticles with m energyin the nmgc of I to 200 MeV/amu which is not always present near the earth
(Adams et al., 1981). It appeaged between 1971 and 1972 and disappeared again in the solar maximum of 1978.
Jokipii et ai., (1977), predict that the mmnakxn comlmem appem near earth only once every ocher solar
minimum, i.e., in -1994. F'tsk et it., 1974, ixedict that only atoms with a first ionization potential higher than
hydtegea will display attomaiom spectra, aml that the ions will be singly ionized. If the anomalous component is
singly_ it will penetratemuchmoredeelplyinto the earth'smagnetk:f'gid. Blake and Friesen (1977) suggested
dm the pm'_clesoi"thememdom _ becom_mdplpcdrapidly_,_ar_eir geomagnmiccutoff_
cummque_y nvei in theIncai minur I_ for trappedImflicle_ Onccsuipped,they havea muchlower magnetic
rigidity and becatae they are moving in the local mirror plane, become more or less mably trapped. This leads to a
special _ pqmladea o(oxylDen,_neon anda few otherelements which compt_ the anomalous

(_ Td_ 4-5).
Anmnakxn cmmic nWs have a radialgradient that can be as iarge as 15 percem per AU (is always positive)

and may deaeme wilh radial dimuge. The ladtudinal gradiem has a magnitude o( 3 to 5 pemem per degn:e and is
believed to change sign in all_nut_ solar cycles when the solar magnetic field reverses. There might also be a small
] pro:eraperdegreetoneitndin_graeknt.



Table 4-5. Composition of Henvy Ions

Element Anomalous Comp.

Relative Composition (016 = 1.0)

Magnetosplr.re Galactic CR

C .23 + .09 .21 +.019 !.!3 +.03

N .22 + .09 .21 +.041 .27 + .02
0 1.0 1.0 !.0

Ne .07 +.04 .08 +.02 .18 ±.01

Mg .002 ± .002 .006 ± .004 .20 ± .01

Si < .02 .004 _+.002 .14 +_ .006

S --- < .004 .035 + .003

Ar .... <.003 .013 ± .002

Fe Group .... .05 + .02 .084 ± .001

4.2.1.1.2.4. Planetary Itmlhdiom kit Temporal Variations

Plmu:u_ nutimim beas are tclmi_y stable, bat me iaflaeaced by solm" and ocher activity. Solar times and

oa_ acdvity _xluce mqmetic sums, aroma real ml_ effecu at dz earth. "l'mischam_ du: Ixmmb_ cmd/aimm
for dift'usim into anti oat of the radimm belts, _ the geomaSm_ cutoff of cosmic rays and influences the

emm'gy _ in m¢ Ipnmapmic nil. Some kve mgga_ that k ruble eqaililmiam poladatim of tbe

radiation bells is no radiation belu m all. Tlgs imOies dm Ihe belts we see requ/ae a stxa_ to continually resul_y
pmicles that arc lost in the aumm md _. Studies of the Smfish rmclear eaplosion umkdie the 4ymmic

nam_ of the radiation envimmnem ahout the cmth. Tbe ou_" bclls an_ mo_ rapidly influenced by chromes in lh¢
solar inpm ,hm the inner _ as was seen ia _ examples discussed in this chalx_. Most empirical

models for the radiation belt consequendy ale long time averages which me useful only for engineering applications

when applied over a period of lime compuM_ to the averaging p¢_ of the model.

4.2.1.1.3 Solar Particle Events

A large fraction of the total flux seen over a year as calculated by a model which averages dam accumulated

over the last solar cycle or two will be due to a few solar paflicle flares. The flux received at a given location will

depend on how well connected that location is with the solar event and the size of the event, it is easy to have

variations of 1130 in fluence at different points for rite same [late. The "connection" between the flare and the point

depends on the conditions between I.hesun and the spacecraft at the time. For a quiet solar wind of v -, 430 km/s a

solar flare at* 54 ° west of the center of the sun as viewed from the earth will connect to the earth. Of course the

time buildup and decay of the flares' inlensity will be a strong function of the details of the magnetic field and
currents between the flare and the satellite at the time.

At rig wesent time it is not possible to wedict the occumrence of large solar flares other than to state they
will occur. Yet they wiU continue to dominate the production of mommies on spacecraft. Statistical models are

being developed to estimate the largest of these flares (]_ymnan); however, the intensity and number of very large

solar flan:s seem to vary ova" numy solm"cycles md therefore smtisticat models requigea very long time dam base for
accurate results. Most dma on iatse mlaf flares is from the v_y recem past.



4.2.1.1_1.1. Solar FIBre Particles

Adamset M., !_!, describeam4wflla¢_ as follows:
"Solarflaresme mdidkmoulll_zrzssomthevisiblesurface(_) of thc sonwhich releasehuge

8moum$ofcncrl_" Me6loflhiseaerllyisrmlimieeinUVmdX-rays. A pan of this encrgy, mostly fromhardX-
rays,_ into very rapidheating_ the solarcomu abovethefla_. This produceslargecurrents andmoving
magneticI'_.klsin the comm thatacceleqteambientcoronalmalerial to very highcncrgicsquickly. (For a rcview of
so_ flwe pmeck aa:etemim, seeRamatyet al., 1980.)

"Many oLIbeaecomul pm_clesescape thesunmd sprayout into the mtcrplanclarymedium. As the
pat_ciesmove into the iatetVAm_lxy mediumIbeytendto be guidedalongIbe existingspiralmagneticfield palzcrn
in the ecliptic platte. As • resu_ both the intensity and the spectrum observed at earth depend on the relative
poedtmmof the earthmid the flarem the sue. For example, a solar wind velocity of 430 km/secproducesa spiral
fr, ld thatcoemectsdie emh din:cdy to poims ona solarloal0mde linc- 54° westof d_ccenteroftbe sumasviewed
from cmdr. For flaresat otherpositionsI_ flux meastm_ at earth will b_id up moreslowly andmy containfewer
high eneqo, laiticl_ The agmai degzee elf "well conr_ctuMeu" betweea tbe earth md tbe tlaze site delgads on
_coedifiomattbe timcofttg fling. Tbese_atg highly vasiable md tmpJcdicud_. This nuy
lead to vmiatimu as large as I00 in tbe _ flux from tbe same flare at diffenmt points an_end tbe earth's o¢oit

(seeSimaeu, 1976)3
The maximin _ fails off aplmnimmely asr 3 compmed lode iatemity at I AU (_¢ Wqgu_4_24).

Fm__udi_lk_imide ! AUluBbe_talummr 2. TII_ _emslobel_lhgmcmldcmd
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Bdow 400 MeV _ mml ye_y z4mr flme pro,m llucm_ domina_s _e _ coum¢ _ __
s rays are, however always present. _ a single large solar flare lasting only a few days may

account for half of more of the loud solar flucnc¢ for the year. Figure 4-25 illuslrat_ the typical situabon.
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Proton differential fluence for solar flares and cosmic rays at
solar minimum and solar maximum (Adams, 1987, private communicalion).

4.2.1.1.3.3. Solar Proton Fluxes

The evem-incgmcd pmum fluxes above 30 MeV for the major solar particle events of the 19th and 20th
solar cycles ale presenled in Figure 4-26. This illustrates boot the high variability and significance of a single time.
The peak prol_ flux used in Adams' model (Adams et al., 1981) for typical, worst-case, 'andanomalously large
particle event_ as a function of energy is slmwn in Figure 4-27.
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4.2.1.1.3.4. Solar Energetic Particle Composition

The dcmcnml comixedtion of pmdcics from solar flaees is highly variable. Some cases show cnonnom
enl_cen-,cms m heavy elements. Table 4-6 gives the comlmskion rcladv¢ to hydrogen of the elcmmts through
nickel. The dements above Ni follow in Table 4-7 for the mean composition. Both mean and worst-cases (90

pcccentconfklcncci_el) arcgivcn. Multiply thcal_ndam_ratio from thctabl¢ bythcapl_owia_ prolon spectrum
to get the flage spectnun of any element in the table.



la the AdamV J ere wem.cme _ o(flz ekmems fmm _ to unmimn are J by
mi_plyiq _ _ ra_o_dT_,_ by:.

Table 4-6. Mean midWorst-Case Solar Particle Event Composition - Low Z

Elcmem IVlmmcme Worstcase Element Melm case Wo_ case

H 1 1 P 2.3 x 10-7 1.1 x 10-6
He !.0 x 10-2 3.3 x 10-2 S 8.0 x 10-6 5.0 x 10-5
Li 0 0 CI 1.7 x 10-7 8.0 x 10-7
Be 0 0 kr 3.3 x 10-6 1.8 x 10-5
B 0 0 K 1.3 x 10-7 6.0 x 10-7
C 1.6 x 10-4 4.0 x 10 .4 Ca 3.2 x 10-6 2.0 x 10-5
N 3.8 x 10_5 1.1 x 10 4 Sc 0 0

O 3.2 x 10-4 1.0 x |0 .3 Ti 1.0 x 10-7 5.0 x 10-7
F 0 0 V 0 0
Nc 5.1 x 10-5 1.9 x 10"4 Cr 5.7 x 10-7 4.0 x 10-6
Nt 3.2x t0"5 1.3x J0--5 Mm 4.2 x 1o-7 2.3x IO.6
MS 6.4 x 10-.5 2.5 x 10.4 Pe 4.1 x 10.3 4.0 x 10-.4
A! 3..5 x 10-6 1.4 z 10 .4 Co 1.0 x 10-7 5.5 x 10-7
Si 5.8x 10 ''5 l.gx 10 ..4 Hi 2.2x 10..6 2.0x 10-5

4..41



Table 4-7. Mean Solar l_micle Event Compositions -- High Z

Ekmcm Mcmcase Element M_ca_ E_ M_case

Cu 2.0 x 10 -8 Sn 2.0 x 10-10 Lu 2.0 x 10 -12

Zn 6.0 x 10 -8 Sb ! A x 10-11 Hf 8.0 x 10-12

Ga 2.0 x 10- 9 Te 3.0 x 10 -10 Ta 9.0 x 10-13

Ge 5.0x 10 -9 I 6.0x 10-11 W 1.0x 10-11

As 3.0 x 10-10 Xe 2.7 x 10-10 Re 2.0 x 10-12

Se 3.0x 10- 9 Cs 2.0x 10-11 Os 3.0x 10-11
Br 4.0 x 10-10 Ba 2.0 x 10-10 k 3.0 x 10-11

Kr 2.0 x 10- 9 La 2.0 x 10-11 Pt 6.0 x 10-11

Rb 3.0 x 10-10 Ce 5.0 x 10-11 Au 1.0 x 10-11

Sr 1.0 x 10 -9 Pr 8.0 x 10-12 Hg i.0 x 10 "11
Y 2.0x 10-10 Nd 4.0 x 10- !1 T! 9.0 x 10-12

Zr 5.0 x I0 "10 Pm 0 Pb !.0 x 10-10

Nb 4.0x 10-11 $m 1.0x 10-11 Bi 6.0x 10-12

Mo 2.0 x !0 -10 En 4.0 x 10 -12 Po 0

•re 0 (3{I 2.0 x !0 -11 At 0
Ru 9.0 x 10-11 Tb 3.0 x 10-12 Rn 0

Rh 2.0z 10- il I_ 2.0x 10 -11 Fr 0
IM 6.0 x 10- il 14o 4.0 x 10-12 ,Af 0

P,8 2.0x 10 "11 ]_ 1.0x 10 "11 Th 2.0x 10-12
QI "/.0 x 10-11 Tam 2.0 x 10-12 Pa 0

la 9.0 x 10-12 Yb 9.0 x 10-12 U i.2 x 10-12

4.2.1.1.3.5. lemizatimt State

In n_em yean, evidence has been accumalamS _ sdar eueqp_ heavy into may not_ fully imized.

This is certainly the case in tbe 0.5 _; E _; 2.5 bleV/u energy rml_ as has been shown by A. Luhn et al. (1984).

At the higber eaeqli_ of inte_st he_ solD" eaefl_ beavy imm may not be fully ionized (as _ _ _ly

assumed up Io now). Altlmegh heavy ions with energy >10 MeV/u would be fully ionized by prosing through

sufficiem matter, the available data place only an upper limit m their path length in matter (MeWaidt and Stone,

]_3).
Fuch_r et al. (1984) report evidence that solar _ heavy ions in the energy range 5 < E < 20 MeV/u

areno_ fully _ Tbeseatahorsrepogt upper limilson the charge to mms ratio of heavy ior, sm low as 0.1 (this

ratio is -0.5 fog fully io_zed heavy ions). Breaeman and Stone (1985) have _ indirect evidence [hat solar
energetic heavy ions in the _ range 3.5 to 50 MeV/u have thesame distributionofchargeslates as that

measured fog 0.5 to2.5 MeV/u ions by Luhn etal. (1984). These authors have shown _at the systematic abundance

can be understood iftbe charge state disln'butions measured by Luhn et al. ate assumed for these high_ energy heavy
ions.

Most models assume that the SPE (solar particle event) heavy m are fully ionized. This assumption may

be incorrect from the evidence discussed above. If this is the case, the SEU rates due to SPEs will be systematically

naden_Jma_d for spacecraft in low earth orbit, because geomagnetic shielding will nol be as effective as the p¢csem
model aasumes.

Under tbe lm_sem c_rcemstmces, tbe charge state of SEEs is uncertain, so it's not clear how the models for

SPEs should be altered to accoum for the SPE charge states. Therefore, Admns recommends cominuing to use the

im_eat models. A conservative calculation camalways be made by ncgla_ng thc _ affoMnd by lira

gemnasne_ cutoff (i.e., assuming the gemung_ic cutoff wammission function is 1.0 for all energies).



4.2.1.2. Environment at the Spacecraft L_ation

The next step in evaluating the cnviromncn_ pml of the SEU ral_ is to determine the __ m _
location wilbin the spacccrah. PtsncUry _ fields influence the numl_r of charp_ panicles reaching a

wacecraft. This "magnetic shielding" is very d/ffe_,nt from mass shielding which degrades a particle's energy. In a
magnetic field, the low energy portion of the speclra is _.moved, bet the high energy particles me unattenuawd even
though they me now Iraveling in d/fferent directions. Inside a planet's magnetic field, one must consider both the
magneticreflectionof pt_ctic andsohrcosmicrays,and_r.kks w_0ed by themagneticfietd(Adamsand
Pmridge, 1982). The spacecraft's mass also influences the pmicle population at the pan by degrading the energy of
the panicles as they pass through the material (see discussion on LET in section 4.5.1.5)

4.2.1.2.1. Malptetic Shielding

Earth's mmsnelic field serves m m extremely effective shield _ low m medium energy _ m_. The
earth'smape_ fieldmul be_ byccsm_ raysinorderforthemm _ach a_ m _ _ The

nngneaic fwdd a cesmic ray mest cross to reach a fgivenimint within the _ approximalely determines
_ _ _/ms_n_s. "nsis_ _ is _ _ _ _ _smic r_s
_ d/rindb_ks_ -aquam_ _ned_ l=,_L,'s_ (Am_rm _.To_ theear's
maSne_held,aim_e m,m havem_'__ _ (_ peruait_),o ave/dtins _=ed
away. Tltere is a m_timem mqnetic dlgidity a ceank ray must lUSem to mire from a Igivea dingtiea at a jJem
point_ ahenlpmemplnm. P.4_lionsh k_ ......... _.md meatalneiL3Olestit _ emdnal at nuclk Im,W'
nnpsic aisiaaiesahmaacempdmnaoema:hpohasmeat_ tank'seqlor. _, a_md, _ eachpokn_iaahe
mqamm_inueair fores:Jndkucaieafrom,n,,,.paired,mace_aua lnpeak _kniq, i_.k_ _nkn_¢mmi__
cammtmivu."l'hisvallmeisahea_emanemeak:cuna_dll',r-.ua'm,alm_edeMim above0hisvalue..Celk:_a'aysaerive
fn_, ahm asthoeOm mSm_ fJddwue la_

To oMm ubedifrau,_ mmlff spec_ for die vmwJs nar.le/medi,8 the d_ of a _ from ouuide
themSmmp_,e_ nude_ menuxinme_ medium(_ enmpJe, finn Adms. n_e@t_ me
nnmeiiom fUm:li0L To do lids,_kesm_ldc dlidiff, P 0mOeV/ec) mke cmmpm,mlfor eEh pinkie emeq_,
E (in McV/u), i.e.:

= + (4-21)

ud d_m _d _ kx_ _p _ _mma_ _ummm H_s_A _ _ Is_ m_s md Z _ _h_ps_ck

c_wse (inek_uronc._q_). T_egeo,nqp_ mmmissim-, my pmicleenerSyde_ee_ on mepmic]e'sdmr_
lhroq_ lib A/Z r_/io. If an ion is fully slri[qped, IIM_A/Z ,,, 2; howev_, if lhe ion is om]y _,ly _ _ = _
Thus the rigidity of itgly imtiz_ particles will be much gn:aleg thin fully _ _ at the same energy.

4.2.1.2.2. l_ffect o_ Mm Shielding

Asdurgedjartidespassthroug_matenaUtheyrose(erpin) energybyimera_.s wirethe
This effect is dealt with in a numbe_ of texts [Evans 1955, Fermi 1950, van Lint et al., 1980, md others].

Cm_ codm from Oak JUd_ _t_d _'s tad_ ShiekJing Xnfmnaem Center 0tSJC) _ w
_ md _ovmmem L_mmmim Imvehem des/ped mcaicu_ eheflux md fluem:_of pm_ks given eh,e
shieldingconf'qpmmion.[RISC is a goodplaceto _ if yoa Imve noin-lmu_ shieldingCalp_bili_y.Their address
is ORNL, Box X, Osk Ridge, Tenn. 37831-6362, Tdeidmm_61.5-574-6176or Frs 624.6176]. Quick one
dimcnsim_ eslMmlcscm be madcfrom a Imowledgeo(Ihe ramgeenergyrclmionsof pm'dcicsgiven in the
discuss/ouof LET eadi_r.



4.2.2. The Sensitive Volume

The remminingpan of the SEU rme integral focmes omthe pan sensitivity to SEUs. The cross section
infommtion required for this l_t of the imegrmim_ is most easily understood by intmd_ing _ _ _ a
sensifivevolume. Inmpte a box which can collect all tbe char_ that is released inside it. When an ion passes
through that box with a constant LET the amount of charge to be collected in the box will depend on how long the
path of the ice was in the box. If the box is a very thin one, the charge deposited by a path which glances from one
end of the box to the other will be much greater than the charge if the km passes straight through the thin dimension
of the box. All the popular models for calculating SEU rates use the notion of a sensitive volume as the way to
extrapolate from g_aml w.sts with low energy monodirectionai ions W high energy onmidirectimml ions.

This notion of a pmallelepiped sensitive volume is the somce of the so-called "cosine" law for relating the
LET threshold to the normal incidence LET when tests age done by rotating the angle of the device with respect to
the beam. This also allows the calculation of omn_ flux SEU rates, because now each angle has a unique
cross section - obtained by f(m;sbortening the front surface cross section, and a thickness which is related to the
nomud d_kness by l/(cos _). Shortly we will discuss the "path length distribution" in such a sensitive volume.
The path length dimibution is the number of pmhs through the voPume as a function of the length of the path.
Since the LET nNpfiredby the pmlicle to cause an upm_depends on the path Icatglhthrough the volmne, the Heinrich
imq_ nmst be done for each dndtoM m _ ml smnmed over an pom't_ _

4.2.2.1. Determbmlm8 the Path LMgth

S_O, IMni_ em_m i_nq S_m md _ItqR m nqndy _ W_ t_ nmm_ d _
_ wimia,midve _ mgiom, r.ormat_., mJ,_ _ mmm_ tm _.m tmSms tim vwy
fnmt _m'o to rib sqmm_mot ot dm_ tiaus al_ _cimms d tbe smsitive reline, wbetgas a _ _ _ _
p_ kmgm dmt v_ fmmmn_o to tony onllms of Juplle _nes d_ thidmess of tl_ smsidve _ Since the
imh ImSth in the mmian_ volmne modd dmmminm the mj._ of pmiclm that cm cause m uimm, tbe simpe of tbe
_ volmne is a vwy imlxmam cmmidmmiomin dmmmini_ d_e ulmm rme. Smmkivc vol_m_ whi_ admit
]mt nm_ _=Sdm win upomd m b._ z _m_nm m ghmciq .ms]m _i_ msid_ vo_mnes_ _ _ _
_ pmhleqphs _1 sot _ to k_ Z lmticl_ For most ¢kvices m tbe_dy 80's the _ of t_
smsid_ tq|im wm mdl ctmqaml to d_ IN_ dimmaimss of d_ cross amtkat. T'r.ism_at that dncsmsitive
volume _ a _ This slm_ f_ the smsidve volume gives tbe _ LET thn_hold m appmumt
angularde_endm_ Mo_ es_e_meme_ m_ _ ofthiseHe_t,byassumingarecw_gularse_s_v¢volume

md ruingtbeI/(c_e)_ m de_em_ the_a_old. Wben an_mgy mc_deml_de doesno_came m

upset, lhe chip is entaled in the beam. If upsets occur at the angle then the _id is LETI_Os 0, wbem LETI is

the LET of the panicle at the sensitive region, and 0 is the angle the chip makes with respect m the beam (see
Figure4-_).

AAA



Threshold = LET * path length

L_
length=

cos e

path length=t

Figure4-28. Tbe CosineLaw

Cummly, _=t mgk imtkle dfcgtmakl_ ammm CmaU==idve ==giomcm I_ moddedas
I_M_ed=, aadtalr¢thememm:doroB==:tim as==qRrJaimm_ to thenomal=ca of _ J_ _
pmlk_dl_ 'Then===dmidk=_mof tl_¢=ami=_ _ _ tbedevk=mtl_ _ _¢_ of tb¢_.
Thismkknes cm bedrummed e=pedmeai_ byva_ns k _ meciesmd eaeq_of me_ _ _
mdng_e SEU Line.Mmy times_l_edqde_ delXhis mkeaas_e thickneasof thesens/_vevolume,w_ _ _

or_tcanbedeterminedfromdopingInCUs. Whenlheactualdevicesensitiveb_knessis_ the
thicknesscanbeeJma_l b_Uddnglhelhidm_s wiflm lhe rasgeof a like_ _ lhal pmdWesk wm'_case
upse_rme.

Forall singlepanicleeffects,du:quesdouof effectivesensi,iveregionasopposedmactualsen_tiveregion
mmnbecensiden_ Forcxanq)i_a thinlp_meu_miglu allowlowLET-inducedm butsuugglingmight
counteractthis by notallowing theparticlesto remainwithinthesensitive _ long enoughforadequatecharge
collection. Inaddition,theslowerchargecoflection fromdiffusionfromoutside thesensitive regionmighthave to
be included depending upon the c_uiu' behavior. The "clur_ funnelling effect" can either increase the effective size
of the sensitive region or increase the rate and flux of outer cha_ collection. The actual geometries are not
generally pamllelepipeds as modeled and the LET will not n_nain _t. All of these effects can impact the actual
pmh_gth d_u_t,uti_.

If tbe physical effects just mentioned cameither be included in a simple geometrical model 0¢ _ m _
of mince importamce, then the path length disuibution caiculatm ngluces to a mathemat;.cai problem. The
_ lxxtkm of this wobicm has been investipted by a number of reseatrAtev_in recem years. Petn_
derived the differential path length di_n'bution for a latralklep/ped. Shapiro, Petcrsen and Adams (1982)showedthe

equivalenceof Peuoffs equationswiththe integralpathlengshdistributionusedby PickelandSlamdford(1980),
cak:ulat_ _me examples for SEUs and discussed some of rig approximations being used. Bend_i (1984) greatly
simplif_lPmu4Tsequmionsmd invesdgmedshe_ oftbe distribmion. Vm-iousformsofu_ePeuoff
equmionsMornswithod_ techniquesa,_ imcludaiin Ihe_ SEU modelsbeing used. Figm¢4-29 showsa
typical chordlengthdistribution, in this case the spikes characleristJcofa path Ihrough_h¢volume in t_e direction
of one of dg sides of lbe boa show up at I0 stud20 (the box dimensions).
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4.2.4. Part Data

Tlg key _ in wedicting SEU tares is obtaining L-tfonnatic_ about the part. The SEU rate is very
dclgudcm upoa the technology and design of the clcuit. The best situation is when there is a complete analysis of
the Imrtcoupled with _ SELl vcrificad/cm,e.g. Zoutcndyck et al.'s (1985) m_lysis of the AM2901B part.
Pralictkms of SEU tutus me usually based upon fimitcd analysis: a simulation of the part and/or accelerator testing
to detamkz _ LET md _

Trmsiem ciait matysis detesmines tlz aiti_ dwge of the lint if the equivakat _t _ _
known o¢ cmt be cstimmaL The ciscuits age modeled by ccaqma_ simulation using Wogmms such as SYSCAP ot
SW_. The ¢mmic rayisdmulmd byapplicJm ofacumminpulsefromagemsamr Chinisplacedinl_rdkl_

tlz _jumam in the cin:_ The cuaem pulz mnlltUdc is then vaded to fugl the threshold for memmy
state clmq_ l"ae criti_ dm_ is givat by tlz timc imcgr_ af the minimum cuacm pulse m _ _.

Some only believe test results. Chaplet 8 deals with SEU tests which determine the threshold(s), and cross
scaioa for SEU. If the thrcslm_ is bw amul_ both l_OtOaand heavy ion Zst results are necdai to determine _
sEu rm. A comt_ehem_ SEU testp_ wiUincmudeif necess_ _empmn_, frequency,votugc, andpmiclc
effects, sad de_nninc latch-up suscclm'bifity.



4.2.5. Available SEU Rate Calcul_tioas

The following sections present two of the most popular techniques for calculating the SEU rate. The first,
(1983) estimates the SELl rote based on the sensitive volume. The second, Adams (1981), includes a

number of the factors we have discussed in Ibis section. In all of these calculations the effects of shielding both by

the mass stmotmding the device, and by the magnetic f_.ld surrounding the spacecraft neeo to be included.

4.2.5.1. Petersen Approximation

If the critical charge and the dimensions of the sensitive region are known then the SEU role can be
approximated by the following formula:

abc 2
R oc (4-22)

(Q critical) 2

where a and b me the dimensions of the sensitive region that are perpendicular to _e norn_ and c is the depth of the
semitive region. The IXqmaimmlity cmstam wiU be depmdmt ou the technology and u_ envirmmem.

Since the critical LET is simply the aiticM charge divided by the depth of the sensitive region, the
approximate rme can be given in terms of the device anea md d_ecJriticalLET as:

devicea_a limiti_aosHectiom (4-5)

Fef p3s3mchswmus galactic cosmic ray fluxes d_eerror nuc _,

R = 5 x I0-I0 o [microns21 (4*24)

whe_ o is the limiting cross-section (ab), and LET is the thresJmMLET = Qc. Q is the critical charge and c is me

lhickness of mehesensitive region.

4.2.5.2. Detailed Cakalmtiom -- Adam, 1981

When upsets are caused by intensely ionizing panicles originating outside the spacecraft, these pmicles
generally pass _rough the sensitive volume of the memory cell a/a high veioc':ty, so that their rate of ionization or
linear energy Irms/'er (LET) does not change over the dimensions of that sensitive volume. This means that the LET
spectra can be used to estimate upset rates. One method for estimating the upset rate is,

rate = 22.5 x o Q_ .s Q_ B[d(L)]flux(let>

d_

(4-25)

flux(let>l-e) istheintegralLET _ecmn insideme spacecraft ir panicles/m 2 ster s,

L is me LET in MeV cm2/g,



B

t is the thickness of the sensilive volume

D(d(L)) is Ihe differential p_ I_gth distribution of particles passing through the sensitive volume in
cm2/go

0 is the surface area o( the sensitive volume in m2,

Qcrit is the minimum electrical charge (in picocoulombs) that must be generated by the ionizing particle to

cause amugBet,

I-max = 1.05 x 105 MeV cm2/g, the highestLET any stopping ion can deliver, and

22.5 is the cemtam reqaked noget the mi_ dght asmming 3.6 eV per elecum hole pair.

To me d_ me _lm_n givm dbo_ _r miatiqg qp_t rat_, d_ UET _ imid¢ tlh¢spEa:r_t
mint be cakalat_ frma the imtkle flmm ;- dnemmml qat_ eavimmtem. The ¢mmm 2Z5 is the converskm

from iaicomaimak m i_eV amm/q 3.6 eV i_erhek.decmo Imir.
Adams, 1986, Immmudelailed remllsofSEUcakulalio_ F'_m_4-30am14-31 slmw some of his

hernia. Hake dm low _ cha_ devices cm Imve veq, si_meicam SEU ram.
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FiguR 4-30 SELlRate for 2901B (Adams, 1986)
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"1_ cdcubmd SEU rals me for m _U4D2901B. TI_ clL--viccis assumed Io I_ unilbnn_ shield_l I_ 0. I

imh of alamku= md ia a 60" imliaadm cimul8 od_ TI_ SEU r_ is plouM ,Rnas oCbi_ al_. sqmmly,

for uip_= dm _=ll from _:le= Ra=_ ¢am=! _ I_mOm md =lp=_ d_ _uk from ¢_¢ diner imuza=km _

heavy ions (tal_ f=_m Admu_ 1986). The s=as_i_¢ _ is mkea m Ix:80xgOx3 micronct¢_ i_h a critical

chaq_ o_ 0.25 _.
Shown is a =¢¢oml example of calculated SEU rates. Coeditioas arc _ Io dse 2901B calculatiom in

_ Ix_iaus film_. Nock:cd_ebq_: diffc_ncc inde. edmi_ imq_rmce of _ inducedSL'lJs_d heavy k_n
indBzd SELls. TIc semilJv¢ volumes/mlk'd clwl_ for 11¢ 5BP9989 arc: IOOxlOxl.8,0.36(30_),

10x10xl.8/0.10(70%), lxlxl.8/D.02(70%). Each of the last two semitise volumes is ouly sensitive 15% o(111¢

time. This rcflocts eke Rduced cross sect_ with which these low values of cdtical durg¢ _ _M.

4.2.5.3. Comparative Part Tecbnololiies

Each tcc_ will need to be invcsligaled m delcamin¢ its SEU sensitivity. Nichols, 1987, has

pets=_ hismsessmemof today's tcchno_i_ _ and Ash, 1986, Lo 299, Table 7-3), give a ve_
inte_gJng lal_ ofSEU ra_ ¢ak:ulal/om _ emrortales yap/from 10-9 to almoa 10 3 ¢nors per day

bit). Gui_liacs m_ useful, I_ canno_ subsutut¢ for detailed lmowledg¢ of the parts used on youe mission.

4.3. Single Igvettt UIMie_ Due to I_relo_

4.3.1. lutroductiou

Pmmm cm came SEUs eillmr by direct ioaizalio_ oe by nuclear m.actimm which pmdme _ _

ions within tl_ s_sgiv¢ volum_ which came I1_ SELl.._r I11 matter any parlick_ which cm peoduc¢ reco/ling

I_avy ions cam cau._ SE'Us, Protons at glancing mgl=s will produce SEUs if their LET is high enough, and I_y

amnmdeflec_ fi_m dmscnsitiv¢ volume.. No_vic_ymflowalmvebeenupsminthismam_. Howcvcr, a

numt_ of dcvioes umed have proven suscqaible to iamoa upsas via nuclear reacticms.

SEUs caused by prmen nuclear reactions involve a two-step process, first the pmum must undergo a nuclear

scaucring. Second dta( scgtering has to occur close caough to the sensitive region for the reaction products, alplm



immuid_ siliom arums, e,c., m reach and dqmsit mougk charp in the semitive rcg_ m _ _ SEU.
Assuming _ meclmeism is ccaecL proton caused SELls will not be signific,mt mien the heavy ion duuhold is
below about 8 Mev-cm'_21gm. This is because silicom has • Bragg peak at 17 MeV-cmA2/gm.Since Ihe likelihood of
pmdiucklg Silicon knock-on ions at the Bragg peak is rare, amLET _" 8 Mev-cmA2/gm is a reasmmble rule of thumb.
The pcobsbility (cross secticm) for pcomn collision is a smmg function o(ene,'-gy -- rising rapidly as d_e energy
increases. The proton flux is usually also a sxrongfunction of energy -- falling rapidly as the energy increases. Thus
the pmmn SEU rme is a delicate function of energy.

Promo fluxes me discussed in more derail in Ihe clap,era on the environment 0wo ax_Jthrce). Typically,
• c cumulativeprotonflux for both flaresandu'aPixxl_ can lx titled with a power law or perhapsseveral
power laws for the energy region of interest.

• = 4)0 (E)-Pi ; El • E > E2 etc. (4-26)

The lxomn flux m the part LsbasedemIhc e_qly-range rcialionsgiven in Table 4-8. Compu_m'codesexm
which uselXUtomcrosssecuonsm calculmeixomn fluxesbehindooc, two, or threedimcnsiooalconfigurmions.

4.3.2. Semi-Empirical Protea SEU Cross-Section

Tmepmem-imduced upsetcmss-seodcm is typically merefocpmmommergiesbelow 15 m2OlvleV. Bemdd
and _ (1983) have mggesled a semiempidcad proton Ullt cmomseclion asa function _am cx_y
dlelmmimMpmmet_ A (E ,ml A _ in gieV).

whoreois in 10-12 upsels-cm2porpromm (Bemdelaml Pe,eNem. 1983). Aflamemmm'inglheoross-seclion for

pmmn upsms I a fumcticmo(emeqgy, A is de,era,Meal by fmimg ekeexperimemal dam m dse alm_ _ Ais
like a _ but is not mictly rela_ m ds¢ thrcslmid fo¢ nuclear rcactkxu in the classical sms¢. If a greta
number o( _ m¢ availald¢, odor f'm or even numerk:al imelpmion could I_ used Io calculme _ _-

induced upsm rmc.

4.3.3. Proton Upset Rate

The uxal prmon upset rme is

d4)Rate = o(E) x _-dE (4-2S)

The lower flair, A, is either Ihe empirical pmmne_ A given in the Bendei-Petersen formulaticm above or _e
_reslmld for the emsm of proum-induced upsets.



Table 4-8. Slopping Power and Rmqge of Protons (Janni, 1982)

lhroum

Energy LET Energy Lc_ Proton Range
MeV MeV/g/cm 2 mggm 2 Microns

.01 297.95 .034 .146

.0125 328.05 .048 .174

.02 412.5 •0579 •248

.025 456.2 .068 .293

.030 485.7 .0779 .334

.04 5 ! 7.3 .0964 .414

.07 522.1 .151 .647

•! 491.7 .208 .894

.125 462.5 .259 !.113

.2 390.6 •433 1.86

.3 326.4 .711 3.05

.4 283.6 1.04 4.45

.7 21 I. I 2.27 9.'/4

i. 171.3 3.85 16.5

1.25 150.6 5.40 23.2
2. ! 10.7 ! !.3 48.3

3. 84.0 21.7 93.1

4. 68.4 34.9 149.8

7. 45.3 89.9 386.

10. 34.5 156. 713.

12.5 29.1 245. 1052.

20. 20.2 559. 2400.

30. 14.7 1147. 4920.

40. 11.7 1912. 8240.

70. 7.62 5167. 22177.

100. 5.84 9703. 41643.

125. 4.97 14345. 61567.

200. 3.63 32.3 gm/cm 2 138.480 nun
300. 2.86 63.6 273.

400. 2.47 101.3 434.9

700. 1.99 239. 1026.

103 1.81 398. 1707.

104 !.84 5530. 23736.

t, i



Chapter
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The Lessons of History

S.l. _tiem
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we_ _ fro"o_ _:lmokq_ m'e pe_ormmce_ f_" = _vmce_ _lu_k_y.



Table 5-1 SIEecr_ and An(xnalies

|l

System Anomaly

i

Voyase," 1 Power-on Resets

SCATHA 34 Pulses delecled

DSP False flag from star sensor

DSCS n Spin ep/Ampl_'Nxlgain
chmgc power _iwJanS
evems

GPS Clock shift
r-Msemmmmd

nqTELSATmmd IV Spin up

Sk_m2S Tdem_

ANIK Pow_downs

CTS Short cin:uit noise twm

pow_ m Mlmlowa

Smmsclmges

OOP_4and 5 Upem andfatlwe

Solar Max mission 93L422 pe,q SEU

Conlmcnt

Internal Discharges _q.,eung,et al., 1980)

4 auribuled to II_, remainder to surface discharges

Possible ID

Con_taed w_mgemmgnet_ acdvity

Made S/C nem-eperademl in 1980, con_lated with ID
ID upec,ed m cause

F..avimmeamlcause _ l.,oa ef GOES4
,hought,o be due to ID

I0 Wseu/year ia triplyredundantmajorityvote RAM

5.2. GPS Operations - ¢oltribsted by Micimel O'Brime, Air Force

During Ihe past few yean (Iteaeai)pmn to be a clear qualimlive _ between high solar activity and
rq)eamble upsets occumng on boml GPS space vehicles, In general we have noted that 3 to 5 days following
sustained high solar activity certain upsets are possible. Most of these upsets have had serious consequences to
space vehicle heallh, mission accomplishment, or Ix)th.

The lust type of sesk)us upset involves the space vehicle solar sTay drive eleclmnics. This system
mummn(msly steen the soi_ anays nomml to die sen to assure adequme pow_ generation to suplxxt _
electrical loads. In April 1983 lxxh solar array drives on Navs_ ! went into hold mode (iJ_. not tracking) widwmt
being _ to do so. This anonudy, which occened while the vehicle was out of view, eventually caused die
solar mTayStOdrift far enough off the sun to cause a nelgative power balance. This in turncaused prot_tive timers
on boanl Io Iron off all non-essential electrical loads after one hour. leading to loss of vehick _ _. The

time required to safe the vehicle and relurn it to prol)_ Ihree-axi_ stabilization was two months, during which lime
the mission payload t_as non-functional.



Thislme ulPeet occunred again un 8 November 1986, when une solar array ddve un Navstar il went into

hold mode wilhout ommnmd, Fortunately. in this case the orlbit conditiuns were more favtwable, so the mays did
not go very far off the sun and Imdshed (that is the tu_ng off of all the expuring_ so that the attitude control

dectmaks cun be _ in the face of a decgeas_ power sotmce) did not occur. This type of upset remains a

potential threat to future GPS Block I olgratiuns. The solar atxay chive electronics on GPS Block II space vehicles
have been redesigned with latching relays to eliminate this problem.

Another serious upset related to high solar activity has been a series of uncommanded re*tunes of the on-

bored atomic frequency standard cm Navsmr 6. This problem has also occurred to a lesser extent on Navstar 2. The

impact of this problem is to make the on-bnard navigation payload unusable until the frequency standard is brought
back to its original Inning value by ground comnmnd, Swig:hing frequency standards on Navslar 6 have reduced this
pmblem.

High solar activity is also apparently related to upsets in the navigation signal baseband on all m-orbit

GPS vehiclea. When this occurs t.*tenavigatkm ranging codes transmitted by the vehicle to users become

un.wnclumized, nudkingthe vehicle unusable for"naviptim until ground intervention restores normal operation.
This upset occm rmdomly on all GPS vehicles.

In adiditiun to I1_ Mmve eumplea, tltere m,e also a number of less serious upsets wh_ _ reb_ m _

activity. These brdude mr, mmmduJ resets of the on.b0_ ekamnmguets md uncommanded reconftgunaions of

Is ssmms_, while m GPS spacevel_le has beeslostor _y dmml_ duem sotw _ _
dwe Im_ebenamine ©linecall&in adkl/tim, am,iptm am6cg to mer_ Im been _ on occama due to
_ pmbkms. A clmm' mdmmmling oi"_ idzmmem is nxluimi to i_,_nt d_eir occunen_ m furore

$-% V_JM_"s Power Os

'nz voyau_ n qm:e:_ e_e_e_zd 42 Fem'-ea-r_m 0_ts) wren me F_k Dm SebO, am (F_
dm_ m itmmp _M, me mdimim Ixl MJxpi_. "the Voygm, EDS i, un m-bored cemnMer _qa,
cemadaixll a vohmle memeq _mm. Dw_ me dmtlx ar mis r_,m it wm _ thin puwer line

-" .,- .... -- '" - coddcamemaKmcliomeflhenemmymdhmcemmmmelledonmlxmropemlim_ To

avoid Uds siumim, a ciJudt wm added which xmed nhe_ejmlpe md smt a mmmmd m start d_epOR _ ff _
undm.ean_ cmmem _ _ The _er_ wqamce minim er _ me Wecewm¢. _ me
intenml FI_ cka_ _ the _ if necem_, waiting a minimum pedod of tin_ md resta_ng
the laecemi_ if the _ cc_Jitiun lud cemed, tkdfmmmely in packaging this circuit f_ Veyager, the
ckcuil_ wl_h _emed I_ undervoltage comditiun wm _pmated frmn ihe commmd receiv_ _h im_ _ _

do_ md Ixm'er m seqemcc. Thisn_m _at a wirecmmec_g _heundervo/asecircuitssnd _e commss_

receivers rm _ the system cabling. S_ testing on the ground verif, ed that noise pulses in this cable
bundle would pmdm'e the POR sequence seen at Jupiter. The sensitivity of the command receiver to pulses in the
cable Imndle is seen below in Figure 5-1.
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5.3.1. Effect d POE

F.jch time _is _ a dis:cimcy _ i least175 millisam_ t_tweea theFDS dod[ md the _
clod_occu_ So tireodlp_ indicatiomof a _ were sli_ tm _ diffcnmcesin can_ra articlesfor the
pictures talnm MJupi_. This was eventually traced badk Io Ibe sccamio just oudined.

Aua,lion now focused on I1_ mmm_ in which a noi_ qdl_ could be il_nermed to affect dds _ _.

Many of'¢_ medmnims known to pmdm_ noise pulsu wa¢ invcsdgm_ - sm'face clmq_g, _ustcr fuings,
s_:ccr_ modedmngcsbyconm.a_, vebd,*ymd w*_ m'c_s,md sing_ ev_ q_ts. No_ ormeseseemed
_y plamibl¢; however, as seen in ]Rlpme 5-2, I_ unusual disldlx_ioe o(PORs om_lalcs amazingly well

with the high energy electron Wecumn sere by Voyager I.

4[..d
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$.3.2. Environmental Correlatioa

Such a _ indicated that the higher energy ekguo_ wese dqx_ting enough charge within the

llPmect_ m a short enough period of dme to cause a discharge. Ground test with Voyager flight spare cable Ix_tcs
vaifgd the occwnmce of enc_etic electron caused noise spikes. Two classes of spikes were observed; some very

• ort pulses which resulted ht about one volt across a 50 ohm impedance, and some very short pulses with

maplitudes tgar 100 volts. The higher voltages were dine to short segmems of wire that were inadvertently kft

fleming in the wire bundle. These floating wires could have been spares that were not used, or the lead wires left on
small connectors and not removed when the full number of connectors were not used for the bundle. Peak voltages

as high as 100 volts with pulse widths of 500 tumoscgm_ or less such as those observed in gnmnd tests cannot bc
ruled out fog Voyager. Internal discharges such as these are thought to he the most likely cause of PORs on Voyager

1. The extm_mely harsh electron environment near Jupiter, _hown below, (figure 5-3) makes internal discharging

im_ticularly likely since cables in thinly shielded areas will see higher electron fluxes than they would near

p4an_.
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Figure 5-3. Jupiter's High Energy Spectra



$.4. GOES 4 sad $ Aaomalies - Wintred Farthing, GSFC

The Gceslafien_ Ol_atimal Envkmmemal Satellite, GOES4 was launched on 9 September 1980;
GOES-5 on 22 May 1981. Thei_mary insmmz_ m _ sounder, on bothGOES4 mdGOES-5 is the
Visib/e and lafrm_ Spin ScumRadiome_ (VISSR). Thh instrument observes the earth using the spin of the
spscecr_toscsa intheemt-west_. Amim_isstepped topmduce scansin the north-soulhd/urcction. There
are eight chssmels of dala _ken in diffe_nt spectra n_gicm coveting the visible and infraredregions of the specmnn.

Sebs3_en_ aboard GOES-4 and -5 have shown numerous instances of anomalous changes in slate
_ m false connaands. Table 5-2 cove_ a 15 nmmh perk_ for GOES-4 and a 6 month period for GOES-
5. There were 27 sncmalous commands n_onled dwing that period, 14 onGOES-5 and 13 onGO_4. Thefirst
anomaly observed on GO_-4 (29 March 1981) was an tm_mma_ed stepping of the VISSR mirror.
Sin_umecwly the gain in one of the visible ¢lmmeh (number six) had an uncom,_mded gain step. On I AI_I
1981, the min_ sgaia bepn iilr.cmmanded _ _ _s examined shccdy after these anomafies
showed evideaoeefselmem activity, se88ming thst these anomalies were en_ly induced. Initial
sespicions focused m smfsce charging as Ihe csme of these mmmalies. A search of the ip_ for a site of
di_e_afiai _ p_ealed that i_t d ele VIS_ semad sure radiatica cooi_ was un_ The inner

mem_ c(e_is msembly was Smmded thmegh a wire which were into e_e VISSR __ _ ltwas
pmlmml i clmp Imilt upm I_ _ mdist_ mill a _ eccuned ac_m theimalali_ eimy
bee61 _e tm_m _. The.mt_ mmz uW wmea cendm_ e_e_ theSmeadwke im _e
VISSR ekcumicL Tern izdmmed m theGOE_$ slwxcr_ whi_ atthat lime wm awaifiag lmach st tlbe_
nt role (ETR)ms_s_ d_ d_ mdismrwmindmdmllm_l_l. GOES-5was_1 toI_mmddz _list_.
GO_5 didmt =q_nm_e e_ispmic_= _ memO. bmhm e_en_aced a m_b_ e_'_
cemnm_"



Table 5-2. C_ 4 aad 5 Anomal_s

DATE

3120107

411101

411101

1113181

SPACECRAFT

GOES-4

GOES-4

GOES-4

GOES-4

UNIVERSAL
TIME

11:42"O0

ECLIPSE
TIME

00:32 TO 09:34

09:55:31 08:33 TO 09:34

10:10:22 04:33 TO 09:34

09:03:17 NO ECLIPSE

4114181 GOES-4 11:36:33 NO ECLIPSE

4117101 GOES-4 08:38:22 NO ECUPSE

4110181 GOES-4 12:3S:22 NO ECLIPSE

4120101 GOES-4 14:3S:22 NO ECUPSE

4/21101 GOES-4 14:4S:44 NO EC_

OOES-4

GOES-4

4124101

4123181

09:40:33

00:36:27

00:21:S30/20/01 OOE$*$ NO ECUPmE

3123131 GOE$-$ 11:03:0S NO ECUPSE

0120101 GOES-S 00:20:30 NO ECLIPSE

8129101 GOES-S 10:17:01 NO ECUPSE

GOES-S

GOES-S

GOES-4

GOES-S

12:01:39

10:47:33

14:49:41

07:11:03

08:3S:5S

07:46:22

GOES-S

GOES-S

9111181

9112107

!1012101

10110181

10110101

1011 1181

0420-0527

0423-0627

o019-o023

COMMAND
NUMBER(S)

301/334 AND 302

331/334

301/334 AND 302

331/334

3311334

3311334

331/334

COMMAND
NUMBER(S)

STEP SCAN ON (PRIMARY
OR REDUNOANT COMMAND)
VISIBLE CHANNEL 6 GAIN

STEP

STEP SCAN ON

STEP SCAN ON (PRIMARY
OR REDUNOANT CMD)
VISIBLE CH.6 GAIN STEP

STEP SCAN ON (PRIMARY
OR REDUNDANT CMD)

STEP SCAN ON (PRIMARY
OR REDUNDANT CMD)

STEP SCAN ON (PRIMARY
OR REDUNDANT CMO)

STEP SCAN ON (PRIMARY
OR REDUNOANT CMO)

3311334 STEP SCAN ON (PRIMARY
oR nSOUmANT CUO)

030 VDM HALF RESOLUTION

3311334

3311334

301

301

301

301

301

301

O3O

0421-0011 301

04214611 301

0423-0510 301

STEP SCAN ON (PIMMANY
OR REDUNOANT ca))

STEP SCAN ON (PRIMARY
OR nEmmoMrr CMO)

C_L 7 OAm STEP

(FROM Z TO 3)

CH. 7 GAIN STEP
(Fm)M 2 TO _)

CIL 7 GAIN STEP

(FROM 2 TO 3)

CH. 1 GAIN STEP
(FROM 2 TO 3)

CH. 7 GAIN STEP

(FROM 2 TO 3)

CH. 7 GAIN STEP

(FROM 2 TO 3)

VDM HALF RESOLUTION

CH. 7 GAIN STEP

(FROM 2 TO 3)

CH. 7 GAIn STEP

(FROM 2 TO 3)

CItL 7 GAIN STEP

!(FROM 2 TO 3)



Table 5-2. GOES 4 and 5 Anomalies (Confd)

UNIVERSAL
TIME

ECLIPSE
TIMEDATE SPACECRAFT

10112101 GOES-5 08:57:35 0425-0507

10/21/01 GOES-5 NO ECLIPSE 30109:14:00

10:50:00

06:46:11

GOES-511112101

11123101

11/23/01

11/23/07

NO ECLIPSE 301

NO ECLIPSE 301GOES-S

GOES-5 10:58:30 NO ECUPSE 301

GOES-4 12:10:10 NO ECUPSE

COMMAND

NUMBER,S)

301

331/334

COMMAND
NUMBER(S)

CH. 7 GAIN STEP

(FROM :_ 1"O 31

CH. 7 GAIN STEP

(FROM 2 TO 3|
CH. 7 GAIN STEP

[FRQM :_ TO 31
CH. 7 GAIN STEP

(FROM 2 TO 3)
CH. 7 GAIN STEP

(FROM 2 TO 3)

STEP SCAN ON

S.$. GOES-4 Failure -- contributed by Daniel Wilkinson, Natimunl Geophysical Data Center

v_i b_fr_l S_m-Sc_ _ (viss_) ontxm_ _ ._u_rn Goas_ (_
F.av_ Sa_llitc (GOES.4), failed m 0445 UT, Novcmlbcr 26, 1982, as a series o(immmc slmmm dcaccadcd

omd_cCalgomia oom. The VlSSR malpsd_ccrab andimdoad cov_rday and niglmmd allows _ _ _
_ d_m sysmmcTim f_urc or d_ VISSR_ I_rd GOE_ d_Dcl _ f_r_=l_ or m
impomm memmd rocking d_cniglmimelxqpess d lif_lamm/_ strumsas d_ moved across the Pacific-

The caum of d_is_ sm¢lli_ £aiha¢is d Ipcmimacm to the lqatioml Occmic real_
Adminisnli0m (NOAA), opcram_ o( the GOES nctwodL A sludy now in progress simedid resolve d_ n=son for

faiim_md _ _mbur soi_ xctivitycaaml ig Fima¢ 5.4 Is imbruedat,_" Nmional_ Dm
Cmcr in Beulda, Colo. ia resixxuc m a call for infonmmiomalmm ehcca_'s spacecnviromuemat d_c_ _ _
OOES.4 failure.

All GOES simccczaR can'y a Space En_ Moaiux (SEM) insmuncm PackaF containing an X-my

seas_,a tbree-compouem _, md a pm_Jcdctecaor. Togcd_crthcsc insmanemslxovklc cominjous
e/Ihc space ¢nv_ at the sateiliWs altiludc. SEM dala from selected salelliles are received aml

processed for _ at the Space Envirmmamt [.alxram_ in Boulder. When GOES.4 failed m 135 W bagitudc,

the fcfcstace satellite for SEM archival purposcs was OOES-2, located at 108 W longitude. The proximity of the

two satclfitcssnggcstcd that theirlocaleavbonnam_ were similar,andselected damfromrepresentativeGOES-2
clmmcls wc_ _ for November25-26, 1982.

The top frame of Figure 5.4 shows the prominent X4_5 solar flare reixxlcd by the Space Enviromnent

Services Center at 0229 LIT. Owing to I1_ in_asity of the flame and the history of its associated sunspot region,

f_ at that cea_ immediately posted a pmam event warning.

Close inspection, or the middle frame shows Ihat indeed Ihe fast, high encrgy protons in the 110-500 MeV

range bcpn retiring at ,he satellites approximately 45 minutes before failure, with slower _ arriving in

qumtity a few minutes after failure. Counts of elecmms _ at geostationary airing, 6.67 earth radii, often show

a qua-time daily vanabo_, a vmation Ihat lxoduces lower electron counts in thc UT morning than in the UT

evening. The cleouron curve does not drop to qui_-fime values on the morning of November 26, indicating Ih_

sat_ili_ cnv/rmmmat comained a signW_cam ciecum flux at the time CK)ES _ failed. Lacking SlX_aal information

for ekcmms, however, we can give no derailed inmlXetmion of their im_

The mapelmneg_s duee field componmls are defmed as follow_ Hp is parallel to Ihe salellile spin axis

and is lmqpendiculm" to d_ satclliWs od)ilal plane; HE lies parallel to the satellit¢-emlh line and points carthwamJ; HN

is peq)endk_ula_ to bolh Hpand HE, and _oints westward. No mngne_ storm activity was indicaled when GOES.4

f_!cd. No_, _, _c con_a_, between the H curves and _e elecwon c_rve.

.']'his display of the SEM data does no(determine the cause of the C_3ES-4 failure. It does nevertheless raise

the questior_ of solar activity as a contributing factor. According to NASA Hcadqtmrlets, there arc currently 86



am'qpta'llamzaml " " leBitesia_ eCoit,representingaU.S.invesmteminthetatsof

d dollars. Aa JveIlment of this _ willevmtually _ renewed interest in Solar-T_ relatieeships.
[,_lll_ at_gmugat dat fn_tl II_ _ _ lave beea achived contin_y _ J_y 19"?,4agl g

available for sale tht_gh the Solar-Tenestrial Physics Divisiott of the National Geophysical Data Center - an
ogganization known _y as World Data Center A for Solar-T_ Physics. Inquiries should be
adda_sed to Ihe _ Geept.ysical Data Center, NOAA Code _, 325 Broadway, Boulder, CO 80303
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S.6. LOS Alamos Amomal 7 Studies - contributed by Dan Baker,

Los AlammmosNational Laboratory

The Space Plw ut Physics Group of the Emlh and Space Sciences Division at Los Alamos National

Laboratmy has xvailable to it dat: from a number of insmunents in orbit When investigating anomalies of

spacecxaft, especially at geosync_ orbit they often begin with the high-energy electron data at geosynchronous

od)iL Figure 5-5 illustrates how helpful such data are in kkntifying the st_urce of anomalies. In this case star

tracker Ul)Sets occur only on those occasions when the high energy flux exceeds a certain level. This indicates some

sot1 of internal charging anomaly (see Figure 5-5).

HIGH ENERGY ELECTRONS
/

 1980 I 1981-; ! 198230'
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Figure 5-5. Eiectme Coam Ra¢ Versus Upsets
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SJ Operational Impact

From amtmdemmding of surface charging/dis:barging, internalchargingJdischaqging, and SEU phenomena
gaited from the pr_'_us c_..._mtersand the adverse effects these have had on opet_ng space assets as discussed in

previous chapter, it is flea.-, at something must be done to avoid the adverse effects on space sysl_ms of"the

_,vironments responsible t'.w surface and i.-tternal charging and single event upsets. Literally thousands of anomalies

have been ex_ in recent years. Each succeeding generation of electronics has seemingly brought a higher

degree of _lity to these phenomena than those before. This is not surprising because the goal of improved

technologies is to "do more with less," that is to make electronics faster, using less power, and controlling more.

This translates into having smaller amounts of charge representing more information than ever before. Thus,

smaller disrupbons are more likely to disturb electronics. These anomalies will not disappear unless the scientific



md _ ctammmiti_mdusm_ md alkm forwhatismdy _, aNla_Nd whatcanbeavoklcd.In

the_ ofthisckqa_,the_ duetosud'aceand_ charging/discharginlgamtS£U willIgdiscussed
ak_g witlh_ t_mbq_ wh_h _ _ f_ _ sy_ wh_h _ m_ _s_ in elimimlmg
_ptibility m _ Woblem_ In g_ml, of _se, it wo_d I_ bett_ to I_ve _ _m_ms which
completelymti_ to thecnv_onm_L EngR:ering for imm_ity will be disct_cl in cl_pt_ 7.

$.$.| Surface Cbar|ing

The occurrettce of charging on the surface of a spacec_t pe0duccs effects that can be divided bao ewo areas:
(l) engineering Woblems due to discharges resulting feom the surface charging, (2) the ton'up(ion of measurcments
due to the clwged surfaces.

Olgrdbon_ work-aroueds for these anomalies include reloading memories, tolerauon of noisy data,
switching to redundant units, and restardnlgsequences. In crees whe_ attitude coet_ and statk_ keeping ate
concerned, it may requite real time ugxJatingo(_ comrol o0mmam_ If the discharge talc is low _ Ibis
may only mean an occasional correction. In some cases lhe discharge merely results in a "flutter"of theconUol
sys,m which is aumnmticaUy conected when ,he system is updated aummaUcalb,. Predictiom of expected charging
lgtqod, am help_ in this cag so that the q_xraft ci be amimml mute clmely drains perk_ of ewec_

For exmq_ when a slmr.ecvdt enle_ or emerges fnwn eclip_, surface aml int_nal dighaql_ _ _
li_..ly d_ _ _ _s. _ of solar activity m solar flamesamealso times in wt_ich o_ akn'mcss
is essential for qmccgt'_tftwith kntmm suscelaildl_ Wemvinmmental mmmalies.

s,_t.I, g_ C,Mtrm -

dama_ to ,dar cdl amactmes aml esusimt of lhe mSimts _ the diglm_ imim, and mlm:tim, _ abeeffgien_ of
solar _¢dls I_/the geamactim, of contaminadon m solar cell cove_u. Moa ofthesecffeclsresukinadow dclpadsckm

c_me _ as_heumsia_ a_ typica_da,q_ om byk kavy rd_e,_SoCae _ _. Indm case
a8ra_efuJckFadsskminlhe_ of_hesymem occurs.When suddendisc,_tsesorshortsocc_ inthepower

symem,however,theopa'aaorn_y have_ powerdown anddiespcnve_up_e _ _ _ _ _ _ m

akno_ orcrm_ m
Cam_ subsystems are affected by nnsieuts in the receivedor transmitted signals, di_ or

of sces_tive elecuomcs at the tr'-,,n_,itand receive points in the system (cslx_ially thosepansof G_c
e.._cuooics expored to the enviromem in the na_eive m trmmmt amennas), power loss due to phetmmena such as
multipaclmgwhichisrelatedtosurfacechargi_llh_ dg plasmaWolgrticsoftheambientenviroume_andthe

potmtialofewoml comactsinthecommunicatmm symem,m_lpowerlossdue tothe_ mentionedinthe

powermbsysl_n.Inmmty cas_ _itchingtoa redumJmtsyl_m willrestorenormaloperationtothesyslcm.

way. _ul platminlgbefore launch ba_J on a delailed _g of the spsce system and reasemableground
tests usually is needed for conl'_k_.t gstpeng Io real-time slpnces_ations.

Attitude contt_ dala wocesmg aml other subsysaems ace affected by suflace chargb_gamd_
phenoqrne_utprimarily through transient signals Iransmilt_l from the discharge sites through die cabling of the
system to the victim circuit. Most spacecraft l_ik today rely in pan on a Faraday shield diesign which tends to
provideeood idation t,etwem thee.Jectn_e_samttheem,immut _. C.aref_and_ EM(_test_
usually elim_ co_Mlinlgof mutsienta caused by surface charging to the electronics insidc the FaradayMbield;
however, tl_en.'quisi,e feed thn_ughsand _penings in the suuctme of the spacecraft anow for some trmmnission of
u.ansien_from_e ex_riorm _e elecuo_icsinside.Currentsfromone_ partof_e st_cturem ano_r (for

examplcthespinni_anddespunparsofa " " spacccs_tcoupleearly_oek_cuo,icsinside
spa_ecr_t. Anytime a r_m could be reqxmible for the observed anomaly, Mace charging needs to be

cm',siden_ as a IX_Sible cause. Prcsnl_y clmracterizi_ a_l reptwtmg such anomalies will belp d_ennine wlgther
me), m_eenvimmmmtallycamed or indicmeanamerpmldm.



5.11.1.2. ClmrS_ hrlrace Comcerms

For some applicatio_ only wben adischaageoccwsis there aconeem. In ether cases, the fact thata
smrfaceor surfages arc chagged is a concern direcdy. For example if you have an insuument that is attempting to
measure the low energy Pen of the plasma environment, even uniform charging of the spacecraft to some potential
with respect to the mnbient environment will distort the flux of electrons available for analysis to the instrument.
Surfacesat diffcaemtpotentialswith respectto eachotherandthespaceenvironmentwill furthercomplicatethc
anMysis of I!_ imtrum_t _1_ The charging and discharging of surface elements as they are expcr',edto
the sun and shadow easily generate currents that camaffect sensitive sensors or electronics. An earth senso¢ was
affected in this way on an early communicatien satellite (Wadham, 1986) even though there was no violent discharge

in the usual sense. The alternate charging and discharging of ,he _msor's body produced unwanted signals in the
sensor circuit. This is one reason that the sun-system-crab angle is interesting in diagnosis of anomalies. Any
periodic behavi_ in synchronism with spin periods or tlxlion periods may indicate this type of charging/discharging
p_omenon.

5.8.2. lmter_l Discharge

ImmumlolmqOmj_qscha_ing pnn_ms a similm,situation to tim, jus, dcscdbed under surface clmqling_
cucc_p*the imim o(_,mlpm8 or disclm_ing is now _ insi_ d_ Faraday cm_, and is _rcf_ _ _ m
cout_ dim_ 0o tlw vk:tim ciacuit. Thus a mm_hsmM_ dbclu_ in _ms o(tmai eneq_ or cha_ is o(cunccm
sim_ tl_ omqdq gffgigmcy is much gn_tar. The am:Imam is dig_ _rkn_ for imen_ disc_gm imtlmmno
IkmcmnUs m imam. Whm mmiemm or cruc|mqp me cqBMe of pmducing t_ mcmlmm t_ea'aviorundea"
imvcmillm lint mo_ olmq0mg caism, ime_l Omq_ist_mq0_ _- ligl_ shiek_ cd_ or _
.¢muld _ _ me_ em_ imm_ chaq0q m_mmwMI 0o_ imregu_ _th _ me t_ m_lui_ to
_ tlmm is mmU_ proem ouly spmadica_, und becam_ t_ time to disdwge onee the nux is _resem is a
nmdom vm_al_e,.

No mumalim Im_ _m beemmm_am_l m m0mmdclmrgi_ without a disdmge, I_ om_cm imagine a
paniculmly semitive cin:uit _l_nre large volumes of chaq_eddielectm: influence _

$.8.3. Single Event Upsets

Singleevent upsets (SELls) always occur in the memory pmxs of integrated circuits. Whenever there age

mistaken ctxmnands or dam, singleevent upsets are a possible cause. When single event upsets are suspected, the
pans holding or _ the anomalous dam should be investigagd m soe if any of those parts involved are SEU
sensitive. Fgstcomultthedamonlwtsain_lytmtedbyvm.iousorganizatior_. lngeneralune_lexpect
SEUs to be a ve_ random occurmnc_ Hoover, therearc cases (solm"flanks,mgnetic shielding, and heavy ion
mdiatio_ belts) which increase or decrease the likelihood of SEUs. Once the pans' sensitivity is established, the
env_mmem will determine the expected SEU tree. Any peculiarities in occurrence are important in distinguishing
the various possible causes of an anomaly. Cycles in the occumreneeof anomalies should be examined for
opermimml cycles as w_ll as envmml dlependenc_. Somclimm_scertain activities are more sensitive to the
de_clion of an anomaly than others. Power cycling, dam processing cycles, etc., can superimpose behavior on an
mmmMy trxt_which has little or nothing to do with II_ emvimmncnml cause of the amomaly. It is especially
impettaut in SEU imrv_lillmions Io undersland the operalioul variables in determiningb_eanomalycause.
_, once SEUs an_known to be occuning, the munl pt_:edure is to coma:t rig mistaken bits of
im_nmmiomby ndo_liq pintor all of tbe memoq,. AitltouO nmdiscussed in this text' single pm_iclescamcause
ImmNuwef-_ms, h_a -faiiweormmmaly, singlepacticles from cosmic rays or nlqgd beavy kmbells
a_! to be c_midm_l _l_'Adly xs in_gra_! c_cuits _ smdler amdlaser.



$.9. ObtainingEnvironmentalData and Reporting Anomalies

Environmental data is available through either the DOD or civilian groups listed below.

5.9.1. Air Wegtber Service

The Air Weather Service, through its staff weml_r offa?_rsand shaftmeteorologists, provides both real time
a_l historical dam and analyses Io meet the requirements of any Air Force project. This is typically done through

Support Assislance Requests (SAILs). If the data or models are lacking, action can be taken to obtain the required
dam of capability. In addition, customers are encotnged to contribute data from their systems to ftmher enhance the
general database. A real time database of_ or suspected mmmalies m the Air Force Global Weath_ Central,
based upon operalX_' reports not only encourages participation by others but also enhances the confirmations of
envimmneaully induced anomalies.

Air Fow.e Glolmi We.alhcr Central (AFGWC) Ihrough AFGWC/WSE provides real time operational support
in boot 24 hour c.eater and tailored support modes. USAFETAC provides retrospective analy,..is for those programs
doing anomaly investigations with a long time history. Contact the appropriate military offw.e_ to obtain this

seppmt

$.9.1.1. Air Weatluer Service Support Organization

The Air Westbar _ support mpnizmioo is org_izcd bm two grceps, staff weatl_ ofT_ex3 and sud'f

mmam_gmx

5.9.1.1.1. Staff Wember Offkers (SWOs)

SwOs as¢ mUocmed with major Ak Fon_e ccmmmm_ For example, the HQ 4_h Wemhe,"Wing amkmed

ta Cokndo Swiap suppmts Noah Amedcaa Aenmlmce Ikfeme Comma_ Unified U. S. SPace _ and _
Foa:e Space Commmd. Smff wemher off',cos obudmdm for _ use.

5.9.1.1.2. Staff Meteorologists

Staff naeteomlOlgUS (Staffmets) are collocated wilh Air Force Systems Command Product Divisions and

l.abormmie_ For exmnpk Detachment 50, 2ad Weather Squadron is located at Space Division.
Staff meteemiogists obtain data to assist system designers, developers,andengineers m overcoming

environmental problems. Smll'mets should be used eady in each program so that the systems can be designed with
due consideratim to envimmnemaily induced mmmlies.

5.9.1.2. Real Time Monitoring System

Both ground-based and satellite dam is colkcled at AFGWC. The actual dam is collected in wmafreal time
and is available soon thcnmflcr. A database is maintained for a number of days at AFGWC before it is shipped to
USAF Environmental Technical Application C.eater(USAFETAC) for pemmnem storage.

5.9.2. NOAA Space Environmental Laboratory -- Reporting Anomalies

The Space Environment Service Cent_ (SESC) prom,ides a real time supp3rt and fonecast send_e f_
eperadom that are affected by solar-geophysicalactivity. Theirmunber (241mursaday 7 daysa week) is(303)
497-3171. This is 8n evolving service, but mticilmeS providing real time dam for anomaly inve_tigatiom and nero"
real time data for up to one month in the past. It is coordinated with the National _ Dam Center (below).
When repmting Immmmaly the following information is typically asked for':



Cmmme¢rome, oqgamimimand _t
Sugt md amp time of the anomaly
Lomim of tbe simcecraft

Any usual or unusual operations
Descriptkmof themmnaly
Any communications problems
Satellite local time, and Sun-vehicle-earth angle

5.9.3. National Geophysical Data Center

The National Geophysical Data Center (NGDC) supports gtrospcctive dam request and analysis. A
databaseof spacecraftanomaliesis maintainedat theSolar-T_ Physics D_vision of the rqGI)C in Boulder,
Colocado. It includes the date, time, iecation, and other _nt information _bout incidents of spacecraft
operational brregulagitieswhich are suspected to be due to the envin_umenLTheseevents range from minor
operational problems which can be easily comrectedto petmamentspacecraft failures. The data base includes spacecraft
anomalies in inleqgametmT space and in nero'-earthmbiL Tbe majority of the data base _ from.geostationary
simcecra_ About 16OOmmmmlieshave been repotted as o( June 1987. Thedafa base includ_ data from _*veral

natk3ms. The dalalmse is maintained on amIBM compatible personal computer in a dBase !II type file. To
facilitate access to the infixmatiun, custom softwage has been written to perform a full range of functions for
mamagb_ displayb_ md malyzing the _ The Slmcecr_ft Ammaly Manager (SAM) :oftwage has the added
benefit of

¢agema|gingOlXalms to_ tlgirammunliesinauniform,ready4o-useformalSalell_Ol_aloncamuseSAM

m aealeadasabuecema_,iqanb/kit mmeuliesamlfar,v_ thedatatoNODC (addressin_ 3)una
flelPl_dnk Ibr_ in_e mamef _

cJM_e_ and_c_eh_. SAM _'_|eskn_m to_ay mm_ co_.-_m vem,sJoca|,_me
amdsen_ The fq_es in_ 3show d,esefun_io_ f_ theOOES satelli_

Tae d_a andsel_a_eam _aly availa_ea_ IBM o_im_4e IIoi_disks_ _ _ _ d

$30perdisk.Cunm'Ibutorsofamomnlydma may o_Maintbedisksun adataexch_ge basis.

5.10. Unreported Anomalies

One of the most fruitful collabontimu is between those that study the environment and these operating

spacecraft in that envh'mmenL More thanwoviding enginee_ with essential data needed to improve future designs,
it alerts operations to environmental concerns and wovkks essential clues to _g the envimmnent itself.

One of the hopes for this text is that it will bring togelh_ these two groups in ways that will advance the goals of
both _. Unrelxr, ed momalies age a loss to both the sptcecraft operators involved and to their iagger
communities. The effort required to report and analyze ammomaly yields a better understmding of the spacecraft, its
operations, and the behavior of the environment, and sugl_sts better engineering techniques for future designs.



Chapter

6
Engineering for Immunity

6.1 _ fir ,%¢.¢_=

TiImchq_ ImnUn theomcel_ neededmcuml_ a sm:esduldesignaM _ erra alpine_

inlc_ldu_i_ _ d_dlp_ amlsi_ e_ qmm. h isR_ d_ that_ h_l_s _ imm_
_mr_cc idu bc iml_m_l m de _/ommt d d_ l_ogmm. This_ _ _ w_h tl__

d_ _ ml_D, hmml Disd_ _ SEU _ becmml_ _,_ qq_op_e _ usks.
Them is no sure"fix" forany oueof theseammudycausing_ nor doesa _ulion for _

necem_povidea_oafortheeahar_. Suchacwe-dldoesaetcuneadye_ist.Hmve_,theaeme
mi_aion _a_ues, cin:umvendonacthods,andd=ignappmdcs whichcunandae be_ _ to
minimize the_ effects of surface_, imemal chargin_g, asKISELl onsadli_e
systems. The timely adal_tion of the wactices amdWoccdures outlined in this chap_ c_ achieve this goal.

A suecesd'ulassuranceplanbeginsat the iEqxm of theprogramandis can_ thuoughevery trade-offand
system design decision. The only swref'utfor my anomaly producing _ is careful attention to the
ldtenmnet_ th_ llg program. It my not be possible to simultmte_ly fix every problem, however the
early awageness of each _ and careful consklcralkm of its impact and importance enable a pmgxmn tofind

the enginecdmg solutions which will best meet each program's unique needs. The recent expegicnce of the design of
the Galileo spmecaaft illusu-acs this point. When tlg parts for the attitude and control system were first chosen,
single event upsets we_ not widcly known or appccciated. Improvements in the size and speed of microelectronics

were driving _ parts in the direction of increasing sensitivity to single event upsets. When this fact
became known, new _ were ¢quired to meet beth the old ¢quirer.¢nts for mcmory, total dose radiation hardncss,
sl_,d,_d d_ new _I_ ofSEU h_d_s_

The keystone of engineering for immunity is a well thought out immunity Woglam. This Wolwdm will be
as individml as tbe design temnandthe pmjec_ Tbe plm Mmuldbeginwith themanagengntsuuctun_alreadyin use
by tbe demon team. By btdlding on the familiar _ m_ctme, mvinmmental design consklcvmi_

responsibilities cmt be add©d to the appmp6ate desiffa grimly, or coat centcgs as necessagy. This makes immunity to
envimc.ngn_ effects the same as any other system Iwoblem. Consequently environmental _s will compete
with other considerations at the dlcsign level, for the limited resources in time, money, and effort.

One way to organizea largesystemeffort is to dcvelopa sgdgsof lX_CCtdocumentswhich spelloutwhat
is goingon. Thesenotonly rciate the technicalrequitemgmsandmctlK_sof analysis,but describethe mannerin
which variousorganizations within thc parcntow,anb,_lionopcratc. With thepossiblcexccptionof a "skunk
works," all ixojects needdocumcntsto know how to reSlX)ndto mquircmcnts. "It's not what youdon't know, but



wlmt you dtm*tdo" that dmmniues the success of a program. Every Sunday rimming qumedm_ knows exactly
what ytm shoald Imve domemd why you should have lumwn to do ic The frick is dmng all the lhings you Imow
l=ve robe dome. Project doomgms can outline the phm for avoMing problems.

The ]my m getting all of the activities dome which need doing in a complex undertaking is to put the
r_ponsibilityforeachlinkwiththepersonwho canperformthatlask.Itisimportanttolailorlhetasktofittl_

play_r_,Allinvolvedshouldunderstandwhatisrequiredofthem.how tlmyaregoingtodo it,andwhom theyate

goingtogivetheirresullsm.

Project documents if carefully thought out are one way to do this. It certainly isn't the only way, but for a
large woject involving many people with finite capacPies for remembering what they need to do, it certainly is a
good way to do it. (It ce_ainly makes the job of finding out after the fact how things were done easier.) Project
documents codify requirements, and institutionalize opetming procedunes.

The assur-,mceprogram is nothing more than making sure that the above process is thought through, and is
being followed.

In the table below (Table 6-1) are some documents which can be i_ into system design and
planning thinking.

TMde6-1. G_ Smmdards

ME,-STD-1510 Tel I_ fur_ Vehicles

MIL-STD-IMI F,MC I_ for_ Systelm

DoD-STD-1686

DoD limdlmok 263

F.SD Com_ ll_lmm fm"_ of Ek_clxicldmd F.,lecum_ PlI_

AFSCDesign 1-4,Elecumnagn icc imibility

Problems can be tl_-_ughtof as having a caUSCoa mn_diumthrough which the problem is transmitted and a
victim. The sysgm approach to eliminating problems is to _ at each element of this path and decide what
combination of actions is required to eliminate the ixoblem (see Figure 6-I). Requirements describe the threat.
Sometimes the environment can be changed. For example,don't launch during a large solar flare, or, don't fly
through the radiation belts.



any systemLike other

Problem
Environmental
Requirements, I

MissionGoals tmedium of transmission

Systems Engineering.
Configuration Management

Electronic Design

F'qplge6-1. Came-Tnmmimim-Vicdm Chin

A _ d ptmmai,_ =dm imtk co_qgm_o, md ,,_m mO, ecd_ m_ m comoi _
trmmimdmdkemvimmmmleffec_ TIIfimlli_ofdl=kmeisattl_vi_m*sk, veL r-orumml_thec_m:uit
design itsdf may Ig made immme to the effect. Tim aplam_ to makethe radiationWobkm look like any oCh_
syslempddk_ sothslk cadd beanackedm d _reekvelsina_ intoner,bmef_ fromtbeideasof

me_d=_ss_.
Systemaml _ _evicws pto_k the pmlgramwith tl_ visibility to agmam wbetha _ not

immmity is beiag desiemd iam me sy=m. R=vie_ m _ mite_ooes for k)gging tbe _ of me
_ Wolpmn aml _y by the conlraclms. Reviews trod to force specialists in Ihe envinmun_t, hardness
technob,gy,md the_ to,wt_k togetber m mdsfy the system n_lUiremems.

The wvie_ _ slloaM be omlimmm in order IOminimize I_ impect on scheduling and cost. The

timely discovery of a problemproves memoaopda_ for solutionofthe problem, geplm:engm pans, testing
wograms, additicmmlshielding, circuit redesign, and if required, spsc deviations all take time. Hence it is important
to closely review all syst=a_ for immunity to ESD, ID, amt SEU on a continuing basis.

Quality Assmmge (QA) must be an integral pmrtof any immunity/hardness program. This must be done at
the f_ silg during tbe fM)ricadon_

When eslablishing a pans reliability wogram the question of immunity to ESD, ID, and SEU must now be
taken into _w,owtt, Any approved piece parts list will have to show how the manufacturer rates each part for
immunity to am_ upsets. In cases where this cmnot be done, then the _ must assess the situation
and infmm the cusmm_ of how it will impact hispaxtsreliability program.

Once the system is built and operating, it is Ioo late to make design changes, bat there are opermionai
chanlges thatcast perhaps improve a situation. To discover these operational changes it is necessary to understand
how the system works md was designed, the envirmmtem the system is in, and the interaction of the environment
with the system,

Any anomaliesexigtienced by a syslem should be reporl_ as soon as possible so that future sys_ms can
avoid similar siwations,andotheroperatorscanbenefit from your expericnce. Appendix 4listsgroupswhichare

interested in sharing and collocting anomaly dala.



6._. |mmmmity to ESD

The pitemnenon of chaqgingIresbeendiseassedin chapter2 andis fah4ywell understood.At f'ust,a
simple-mindedsolutionseemsobvious;don_allow a charp buildupwhich can resultin a subsequentdischarge
(F,SD) largeenoughto pzx)docean anomalyto any spacecraftsystem. This of coursesuggests"grounding"all
potentialsourcesfor E,SO. This is easiersaidthandone, sincethereare so manyinteractionsbetweenthe various
systems,sub-systemsandstructuresthatmustbe considered.In the guidelinesthat follow, a numberof optionsare

6.2.1. Design Assessment

Use the NASA Charging Analyzer Program (NASCAP) or similar analytic technique to evaluate a given
design. This is to be done in a preliminary fashion to isolate possible discharge sites by computing charging
behavior for a few time steps (about one half-dozen 100 second time steps should be sufficient). The analysis of a_

"as built," or "as planned" system is usually more than worth the cost of the analysis in insuring that the designers
actually do what they planned to do. Surface charging cambe minimized by materials selection and re-evaluation.
The final choice of exterior materials must be an itermive pux:ess since both thermal and electrostatic requiw.anents
nm._sZbeconsideeed.Qualificationforelec_ surfacecleanhizessshouldbeconductedbyanalysisforbulb

subslemmamlaverq_condidom.Testingcanbel'mmitedsolhedmmninatiomofawlunknown pmpemuiesof

matet_Is glecaed. As pan of tbecharging_ tbedesignur-qhouldevaluatetbe impactof pomilde surface
dischaq_on syswm ped'ommc_ Thiscambedonewiahomeofabeavailablecouplingcndes(e4|.,SEMCAP).

This_ cmmidWsmay surfacec_q_ andpmsZb_mscnmq¢_Themee.xisuaLqoeUepossibUJyof
amdmq_ duc m a_ _ meq_ pm_-_ c_ging of in, or_ This is discmscd un_r imten_ _

Tmare me sewnl _ Imml,tx_ om_ dmgi_ Much of the mme_ in this section is taken
from _ _ of Pmvis, GamreU,Whiuka_, md Strmm (19_), md Vmpo_ Mizm, Konas, FenueU, _
Hall (198S). Anesmmem luegimswilhJe de_mmiejom oflheemvismnem, usuallyaworstcaseaeconli_m seine

orkena.Thenamdysismingdnee--vimnmemhellpsloca0edzem0ubkslpmsintbedesign.Thisisfogowedby

uade-offsbetweenehevariousmmerials,coad'zpamiome0c.dineareusedinzhedesignvemm aherisks,corns,inc.

wvolvedwiah0hevamiousoWimm whichcambewed imdlesilmi_0hesymem.
There me two forms of clmrging of concent in designing a space system: absohxe and di_. For

alaoime clmq0ag, al_ smel_ clm_ as a _mi_, dm diekcuic swface volaaff:s me "leckecr' m tl_ gn3u_ voltage.
This type of chagging depends on the capacitance of the sysaem as a _mdmleto free simce, and the plasnm ctments to
tbe SlmCec_t. It oecm very mpi&y (fractions of seconds) dining eclipse charging evems when tbe plasma _ is
not balanced by tbe pimtoctm_nL and more slowly in dg sunlight. Diffen_fial _g d_pends on tbe Cal_citance

of one part of the spacecraft to another and the relative current between the two surfaces. Differential charging
usually occurs slowly (minutes) on spacecraft it, homogeneous isolropic plasmas. Differential charging n_ults in a
difference in poaential between one pan of tbe spacecraft and anoOex. Differential charging can change tbe abselug

charging level of the sa_llite by influencing trajectories new the spacecraft body. In some instances a relatively
small patch of highly charged material will create a small pogntial hill in front of the rest of the spacecraft and
thereby prevent photocmrents from escaping. In that case the ent_ spacecraft sinks Io a very negative potential,
although the differential charging is less than would be e_ from simple calculations ignoring the barriegeffect.

Satellite configmauon plays a key role in charging behavior. For isouopic environments, a spinning
satelliteusuallyhasa lower spacecraft potenOal (a few hundred volts) in sunlit charging events than one with large
areas continually in the shade. A three-axis stabilized satellile can have large negalJve spacecraft IX_entials (a few
thousand volts)insunlitcharging environments. Any simded dielecu_can induce large differential voilages. For
both comfignrations differential charging is limited by the thrne-dimem_ttal barriereffect. In eclipse charging, the
volmsebuildupis comuolledby the secend,vy yield of thedielectrics,rmherthan_ission. Anismmpic fluxcs
coupled with the peculiarities of the spacecraft coafignmlk_ my influencebo[hdifferential and absolute charging.

The mission of the satellit_ dclcrminestheextent to which one must control charging interactions.
Nonscientificsatellitestypically don't need to control the absolute potential,and their only concern is with

diffenmtial charging when it leads to dischmges which affect spacecraft operatien. It is imFormnt to note thatlargc
absolute charging levels can (through field emission from sharp points) lead to discharges and thus be of vital
engineeringconcern. For a scientific satclliteabsolutecharging shouldbecontrolled.



In¢amiamiq theatiuion,confqgm_m, andbothdmhae md diffema_ chaqgi_cenceem,_ _

ca_ mvkmmmt muany dmmnines thesurfxechwgi_ desigLThereiscmsiderab_debateon_a whatthat

wcmtcaseis. _mdMullen (19g2)mggestedfourcsitesig(a)themeamm_

mvimmnea _ich produces the In.st ve_cle e--_me(Smu_ w pbsma pmm_ diff_, (b) _ m_
which IXOduces Ihe largest differential ix_ntial betwem adjacem slpacecr_ surlace maletials, (c) the hottest plasma

eavironmemt entaxmleled at _ orbit, and (d) the envimoment which causes the greatest tmmber of

satellite anemafies.

two described some recommended worst case charging environments which can be used in assessing

system sensitivity to surface charging
When a disclm_ _¢u_, chargeistedislril_tedan)u_llhespacecraft.At one fimeinvestigatovs felt that

lwge m_s of clm_u/diekctric would di.w.lmge g, qmce, i.e. a blowoff of charge Erom the body of tlg slmcecrafc

Subsequmt opiniom (see Ptmrvis et aL, 1984) maintains _ om,ly a small _ of the charge actually leaves the

surface in typic_ ssmco:ma dischmges.
Purvis,etal. (1994)recommend calculatingthedischargetransientpmmmsasrs as follows:

Voltage: Use a square wave appt'oxinmion of the voltage transient, assuming the voltage pulse rises to the

equilibrium ground potential of the spacecraft, n_mains at that voltage for the dm'ati_ of the voltage pulse, md then
retm'ns fo zego.

Cum_ The cumin pulse is also _ by a sqwe pulse v_hgn; _e total chaq_ is nude W of two
ipsm - the dml_ that is iota m sim_ md the olm_ tlmt is _ withimtl_ didecui_

Cmem m qm:_ The charge lint to qEe is mima0ed to be

zot = ct Iv01 (6.1)

_m_Cl is t_ mdlim m qmce cqmcimmce (t,_pica_ picofm_) md N0i is the absol_ val_ 4 _ _

gmmd volm_ a tim of disamq_.

¢meats in k Didemic: Bmed m _ml m _h Smmled suesmm _ich Sire _ hish
tnmsfer ofclm_ to qEe. Purvis et al. (19_) ngo_ ramming that only 1 igax:em of the total chwge sued on

the fftelec_ re'face is imvolved imIbis imnim offthe digha_ ltaUcem. This mt_r_ mmmmlaionsa'emm tl_ f_
that the dis:hat_ is limited m s small dielectric a_a. Of mis m_eperce_ I/3 is lost m Sl_:e md 2/3 rema_ m

= IAv I ( tombs> (6-2>

whuY.:

K = 0.003 is the fraction of total chargelostmsi_ce

C_ is the capacitance across the smdl l_mti_ of the _ involv_l in tl_ disclmq_

tAV2' is the absolute value of differential voltage at the discharge site just befoge the discharge

TI_ total charge lost is:

AQ = AQ_ + AQ2 (coutom_) (6-3)

and the cunent pulse is:

AO
= _ (amps) (6-4)

At

6-5



Tbe puhe width (At) is mm:crmin,but is m the ordu"of tens of picostgonds. Expedugnts with g_u_led
indicate _t tbe maximum duration vwies _ tbe diekctric area from which charge has been removed.

U_mg this ngaliomhip, At can be approximated as:

At - o.o2(o.ol A) o-_ 0,sec) (6-5)

whe_ A is the dielectric mea in cm 2.

Once the mmsient pulses expected have been estimated, coupling of the pulse to sensitive circuits can be
estimated. Theee are a numbca"of EMC-type technkl_eS available to do this. Most involve estimating _pacitances

and inducumces from one point to another within the _raft, and can be quite complex. Part sensitivity to

transients is also dilTgult to estimate, although methods are available for the persistcnL Military Design Handbooks

on EMC as well as the Don White series of texts on EMC deal at great length with this part of the process of

assessing system sensitivity. The chain of the calculation is to start with the charging environment, estimate the

conditions at breakdown, estimate the resulting pulse mnplitmlc and iccatiom, estimate the coupling to the victim

cbrcuit, and (lased on the victim ciecuit's sensitivity to the pulse) assess the system response.

By cageful sdectkm of the materials used in a simcecraft the ESD problem can be reduced of eliminated. For

e_mple, theue offfaataJedconductiveceatingsand theavoidance_ Teflouasan integ_ _ _ p a _

way in elu_mimting ESD _ However, themmal dk_gn cmmidermkms may gestdct the clmices availM)ie for

surfaces. Cnm_ _ studies which weigh beth the dinging md tbenmd _ are needed.
TI_ laat way mavmd diffemmial dtmlp_ of qxgecaaft mrfat_ is m make J _ _ _

l_mmMied to tbe sliaxamrt stmcame. By _ we mere colluctive emugh to equali_ tbe cumems ea_ected

around Ihe spacecm_ Umally the currems in Slm_ a_e snalli m a msisma_ which is faidy i_h by clecmmic

madams may be a4equjle, liowev_, _jpical slp_ecmA smface maledais such as Mylar, KalSou, Tefkm. _

slam, qumz. or takerdiegm_ mawria_ domt mually mm sl_:m_ dm_mmS_ dmiaeL _some
amas(measadjacem0oammmasopem_ at iem_ i GHz.or ares _me mmerialconumim_a or dJmnal
coutml is ctitkai) cemluctivc comings may be om of the qumtiou. 1a omer ca_s indium tin oxide 0TO) comings ce
m r sbou be 

The fullum_8 m:mmmemlmions mc takemf_rmmINm_ m M., 1984.
"To dischw_ surfaces ll_m being chsrged by simce pimmas, a high gsistivity to ground can be tolerated

I_me the pimum dmq0mg cum=_ me sm_ Tbe _ gm_dkzs _e,_mmmd_

"(1) Conductive mmerials (e.g.. metals) must be _ to mucture with the smallest w,sistance poss_le

where A is tbe exposed surface area of the conductor in square centimeters.

"(2) Partially conductive surfaces (e.g., paints) aEplied over a conductive substrate must have a resistivity-

thiclmess product

rt _. 2 x 109, f_-cm 2

where r is the material resistivity in ohm-centimeters and t is the material thickness in centimeters.

"0) Pmially conductive surfaces applied over a diekc_ and pmm_ at the edges must have mineral
resistivity such that

rh2
m < 4 x 109, _--cm 2

t

where r and t are as above and h is the greatest distance on a surface to a grou_ point, in c_ntimeu,.rs.

"These guidelines depend on the particular geometry and application. A simplified set of guidelines is

supplied for early design activities:



"(I) holatedceadkucm_mustbegmumded with iesstlum 106 naostmcmre.
"(2) Materials applied ovefaconductive sulmrme must have bulk n:sistivitieso(ims _ 10tn

"(3) Mme_ds applied over a dieletZ_ mea mmstbe grcmnd_ at the edges amdmust have a resimi_ _
than 109 'olmmsper square.' COim_ igr square'isdefimdut_ resisuugeofa fire sheet of the mmm_ ngmm_
fromoneedseofa aquaesectkmtotheoppositeedlge.Itcambeseenthatthesizeoflhesqumehasnoeffecton the

nmnericvalue.)

"Theae gequhengets agemore strict than the pm:eding relaticms, which include effects _ spacecraft

geometry.
"In an cases the usage or application process must be verified by measuring resistance from my point on

tbemmerialsuffaceto.ctructure. Pmblemscanoccm'. For _, one case wmobserved wlzrea mmconductive
primer was applied undemealh a conductive paint; the paint's conductivity was ttsekss over the insulating lximer.

"All gmm_ng methods must be denmmtraled to be acceptable over the service life of the spacecmfL Iris
recommended thal all joint resiswges and sagfage _ be measun:d m vegify compliatr_ with these
guidelines. Testvobag_ simeldbeatleastSGOV. Gt;amding medmds must be able to handlecunentbleed-eff
from ESD events, vactmm expcmme, thermal eximmion md conuactm, etc. As m example, imimliagamend a zem-
ntdiusedgeorataseambetweentwodissimilagmatmialscouldleadtocngkinganda_ _e_ _ a
thatlocation.

"By thePmlggchoked _ matmidsabe_ clmqO_ orqucecr_ smfacescm _

,._,_m__,___Atp_mem,0heonlyprovenway toe_Jate qmcecr_ pmemialvmiationsisb_ makimg_ _

_ me t_q themtoacommm ground.
"SmTa_ matkjs _-usefeethisimqpmetgiule_ _ cmtim_ em mmals,cumductive

ljmm, mill Immslpmemilmnia_ memak vammb.de_dml film, su_ as imdimmliraoaide. TaWe 6-2 deam_s
seine d the mere cemmom m:eiml_ mrfa_ cum_s and mmmids wah a sucam_ me hismq. Td_le 6-3
_ mlW cemmm smfa_ cemings md mmmids uhmahoakl _ avoided if imma_

"Thefeatures mmm_ have beemmud m ipmvi_ cmdmq retraces omk _au_a:

Table6-2. SmfaceComimgsmd Mmeaials _for_Use (f_mmPm,visetaL, 19_,p. 13)

Mmm_

• n|n

Paint

(cm_oublack)

GSF_ NS_3

_t (yeno_)

Indhlm fin

mide (250 nm)

Zinc ¢x;ho-titmne

imint(wh_le)

Alod_e.

Commems

m,u n • n

Week with manufactugeg to _ iPmntthat satisfies ESD ctmducUvity mq_
of Section 3.1.2 from Purvis, et aL (1984) md tlgmal, adhesion, md other needs

14asbeen used in state _ _eae mrface potentials a_ not a pmbkm

Cm beusedwhere_me degreee__ i_aeeded:mintbe_ _:
for use on solar _ells, ol_:al idlar geflet:se_, lind Kaptan

Poshly themostconductivewhitelmint:adhesiondiffgult without careful attention

Coadective cmm_a _ of mqaesium, alumiaem, eg., are a:cepabte



Tdde6-3. SmfaceCouingsandMaterialstobeAvoidedforSlmcecr_tUse (fromPurvisetal.,1984,p.13)

Comments

Anodizing produces a high-resistivity surface; to be avoided. The surface is thin and
might be acceptable if analysis shows stoeed energy is small

Rber0ms nmma_

Paint (white)

Mylar (_)

Tenon(ummed)

Kapmn(uuccm_

Resistivity is too high

In general, unless a white paint is measured to be acceptable, it is unacceptable

Resistivity is too high

Resistivity is too high. Teflon has a denmnstmted long-time charge storage ability and
camescamsucOic disch_es

_ly unaccepIM_, due to high resistivity. However, in continnous-sunlight
q_icatkms if less than 0.13 mum(5 mils) thick, KNg_m is sufl'tciently photoctHhictive
forme

S'dica cimh Hasbernusedasameba radome.Itisadielecuic,butbecamed nomegousfilg_orif

usedwithemlgdded_ mamials,ESD spanksmaybe iulividm_y stall

_mza_s_s
m

u is _Sn_ed k _d com dkks, q_,_cdsu_aces,aadmceed-m_e B
Iwve no mlmilmes II_ am l_D am:ellgde. Their me mu_ be amdyzed aml ESD m

performedm demmMe their _ect en _ decumics

"(I) Vagumm-mmalhHl_ _imghefcJmdsheets, milm, ortiles. The mm_-em-sulMmB
com_ includealuminmn,goM,silver,and Inconelmt Kapct_Teflon,Mylar,amdfused silica.

"(2)Thin,_ front-surface_ especial__ ti reticleon fused silica, Kapttm,Teflm,or
dielecuics__,_

"(3) Conductive paints, fog (thin imint coMiqp), cat'ecm-nlled Teflon,or_l'dled polyesteron KNsaxl

(shehSedblackgqmn)
"(4) Conducliveadhesives
"(5) Ex_d conductivefaceshc_ _ (_+-q_lP._oxy or laeal)
"(6) Egl_ metal grids or bonded (or bent, mbecMed) metal _ cmnonconductive plastic film ropes

"Becauseof the va_,ty in d_econF_ and_ of _:se materials,_e_e isa_g
variety in the applicable grounding techniques aad specific concen_ that must be addressed to insme reliable in-flight
perfommmce.

"Thefeilowiog practiceshavebee. founduseful:

"(!) Conductive adhesives should be used to bond fused silica, Kapton, and Teflon second-surface mirrors to
cemductive sulmmes tlmt are grounded m muctme. If the subsmg is not ctmducfive, metal foil or w_ ground
links should be lamimaled in the adhesive and bohed to slmctme. Only opticalsolarreflectors(OSRs) with
cxmdEfi_ (Ira:reel) bac:ksurfacesshouldbe ugd.

"(2) Whea conductive a_esives are used, the leq-tenn stability of the nmtemis system must be veriFgd,
particularly conductivity in vacuum after thermal cycling, _iity of the materials (especially for epoxy
adhesive) in differential themml expansion, and Iomgtennaesisumce to galvanic comrosion.

"(3) gemlized Teflon is particularly suscepqiMeto decuestmic discharge degradmion, even when grounded.
Avoid using iL if there is no substitute for a specific application, the effects of electromagnetic interference (EMI),
contamination, asldoptical and mechanical degradation mustbeevaluated.

K. L_



"(4) Paints slmuld be applied to grounded, conductive _. If this is not possible, their coverage
shouldbe extemdedm overlapgnmmi_ ccmSuctms.

"(5) Grmmd tabs must be provid_ for free-_ Omtbond_ down) dielectric films _'ith conductive
surfaces.

'*(6) Meshes that are simply su'etched over dielectric surfaces are not effective; they must be bonded or heat
scaled in a mannerthat will not degrade or contaminate the surface.

"(7) There arc several techniques for grounding thin, conductive front-surface coatings such as indium tin
oxide, but the methods are costly and have questionable reliability. The methods include welding of ground wires to
front-surface metal welding contacts, front-surface bonding of coiled ground wires (to allow for diffe:_ttial thermal
expansion) by using a conductive adhesive, and chamfering the edges of OSRs before ITO coating to permit contact
between the coating and the conductive adhesive used m bond the OSR to its substm_.

=Cmroundingtechniques for (_Rs include chamfering edges and bonding or welding of ground wires.
Bonding down solar cell covers with conductive adbesive is not applicable. For multilayerinsulation (MLI),
extending the aluminum foil tab to _e front surface is suitable.

"If thespacecraft surface cannot be made 100 percent conductive,ananalysismust be performed to show
that the design is acceptable from an ESD stamlpoi_ Note that not all dielectric materials have the same charging
or ESD charactegistic_Thechoice_ dielectricmaterialscamsignificandyaffectsurfacevoltageprofiles. For
eumlde, it hm beemMtown 01ev_ and Smkam, 1981) that ceskm-del_ micmsheet chmges to much lower

umlct'elecU_ kmdiatiomthan fused silica, amdit Ihtnreforemay be prefenqcdas a solar arraycover slide

"Asaduim_ a,mb_ weced_gtbesdectim_rm.muiatsmusttackle spaccc_t amnysis0odctmuinc
sm'_e pmemi/md voam_ _ spad_d_dm_ pmmmm (_, dmm_ frequmcycomcm),_ _
coq_ Tk cornmd _ mm_ed _- pmn_ admpm pm_aim_ 0_ysnu_ md _ gcdcsi_) _
_ the bab_'c d tbe uad_-off 0ofavortbe sgkctiomort_ _-wct, jccmingny kss _ (opScany)ckm_ co_n_
mm_ls tht am moren_id_ fnmt_ dwgiq, d_uq_qg, md e_ inncrfemcc pommor"
view.

"Tbe 'pam,m' mmuiais have meirown cost. weigl_ ,vaiiMmity. variabifity,and_ effects, h,
additiom,umcemimies gelmi_ to qmcccraft dmqging effects mint be given adcqua_ cmmkkrm_on. Flight damhave
s_mt appm_ ¢ptiml deeradmim o_smdmd, ml_c tl_md com_ mmemls (e4g.,opti_ so_ _ _
Teflon sectatd-amface mime) that is far in cxcem d ground test iagdictions, put of which could be the result of
dmq_-en_nced ammion o_c_tgcd comamhmms, lm_ cemin spaccc_t amonudiesamdfaih_resnmyhave
bconn_luccdor avoidedby usingdm_c control mmefi_

"lmmicMly,afro an extcamive effort ,o bare nearly all of thc spacecraft surface conductive, the.remaining
small pms:hes ordiclcctric my charge to a gremurdiffen_,_ potential than a larger area of dielecu_ would. On the

side of • slagowaft, a small section of dielectric may be dwged rapidly while the bulk of the spacecraft
remains near _m polcntial because of _imion from sunlit aw.as.

"A qmcecrahwith largerportionsof dielec_ may havemanling elecu_ fieldsbecausethedielectric
diminishes the effects of the photoemission proce_ As • result, the spacecraft structure po_ntial my go more

n_g_ve and thusreduce_ dilTercmialvoltageImw_n _ diekamk:a.d the spm:_L
"The lesson to be learned is that all dielectrics must be examined for theigdifferentia! charging. Each

dielecuic region must be asscssed for its Iwcakdo_n vohage, its ability to s_lorees_efgy, and the eff_ts it can have on
neight_ng ekcuonics (disnq_kmor damage)andsurfaces(erosionorcontamination).

"Othermeans,o reducesurface charging exist but are not well developed and are not in common usage.
One suggestion for metallic surfaces is an oxide coating with a high secondary electron yield. This concepL in a
NASCAP compulm"program simula6on, ._duced tbe Mmoh_ d_ging o4"a slmcecr_ft dramatically _ _
diffegentiMcharging of shaded Kapton slighdy. Any selected materialsshould be ca_fully analyzed to insure that
they do not ctmlc laObimm o_ their own and that they work m intended over tlgir service lives."

6.2.1.3. Gr¢_idiq

Sinceungroundedconductorswhentheydisdm_ _ largecur,_mandvoltageuransients,aJl
condm:thqgdements, surface and interior, shonkl be tied io a com.-non electrical ground, either directly or through a
resistor. The following detailed instructions on groundingare from the spacecraft charging handbook of Purvis,
et al. (1984).



=AllmngtmM and mechanicalpans,elecumek_ boxes,enclemm_, etc.,ofthespacecraftshocldbe

da_lm:_ly bomled to inch other. AllprincipalstructuralelemeW=_shouldbe bonded by methods thatassm'ea direct-

ctmem (de) resisWtce of less than 2_5 m£_ at each joint. The collection of electrically bonded structural elements is

refemd m as "smJcume" or stmcum_ ground. Tbe objective is to wovide a low-impedance path for any ESD-caused
ctments that may occm and to provide an excedlem ground for all other parts of the spacecraft needing grounding. If

stmctme ground must be carried across an articulating joint or hinge, a ground strap, as short as possible, should

carry the grmmd across the joit,L Relying on bearings to serve as a ground trash is risky. Structural ground should

be carried across using slip t_mgs dedicated to the suxlctural ground path, some at each end of the slip ring set. The

bond to structure should be achieved within 15 cat of the slip ring on each end of the rotating joint. Slip rings

chosen for grounding should be away from my slip rings carrying sensitive signals.
"All spacecraft surface (visible, exterim) _ should be conductive in an ESD sense (section 3.1.2 of

Purvis,etal.,1984).Allsuch surfacematerials shonid be electrically bonded (grounded) to the spacecraft structure.

Becausetheyareingnded k, drain spacechargingcummU only,thebondingrequirementsarelessseverethandmse

forstruclmalbonding.The ticimpedance tostngtureshouldbe compatiblewiththesurfaceresistivityrequirements:

that is, less than Mbout 109 £2 from a sud'ace to mlgttwe. The dc impedance must remain less than 109 gI over the

service life of the bmul in vacuum, under temperan_, under mechanical stress, etc.

"All wir_g and cabfiq exiting the shielded T-ataday cage' lXXtion of the spacecraft (section 3.1.3 of Purvis

etal., !_4) Mhou;dbe shidded. Thosecage shidds md any othercable shields used for ESDpurposes sbouldbe

bonded to lhe Fanday cage at the entry to the shielded region as fobows:

"(I) The Midd should be terminated M0° around a metal shielded back shell, which is in turn turminated to

me dumis 360" mmml dg cabling.

"(2) The Mddd gronnd simuld not be tenniumed by using a pin that peneraes the F_mday cage and receives
in lmmmlmide mesltiek neginn.

"(3) A nmchamism Mmuld be devised that amommtically bonds the sldeld to the _ ground
at the comector iocatkm, or a ground lug that uses less than 15 cm of ground wire should be provided for the shield

ami pngedmes Ihat verify that the shield is gmtmded at each comector mating slmuld be established.

"The mlmr er..l of the cable shield slmuid be ,audmml in tbe same mannc,r. The geal is m maimain

shielding inlegrity evm when some electronics units must be kx:med outside the basic shielded region of the

slEm,S.
"Signal and power grounds require special attention in the way they are connected to the qw.ecrah sum:rare

gn)m_L For ESD Imqx)ses a direct wiring of all elecuicaYekcUonics units to stngture is most desirable. In

particular, one simuld no'. have separate ground wires from unit to mit or from each unit to a single point on the
str_ture.

"If the elec_onic circuitrycannotbe isolated from power ground, signal ground may be referenced to

struct_ with a large (>10 k_) resistor. Once again, box-w-box signals must be isolated to prevent ground .loops.

This approach must be analyzed to assure that it is acceptable from an ESD standpoinL

"In some cases it is necessary to run signal and power ground lines in hangsscs with other space vehicle

wiring. T;ds should be avoided wbere possible and limited where considered necessary. Excessively long runs of
signal grom_ lines should be eliminated."

6.2.1.4. Cable Harness and Routing

Cab}es form the most common coupling path from the discharge site to the victim circuit. Care should be

taken in the layout ned bundl_ng of cables not to provide easy coupling from the exterior to sensitive circuits.

Filleging and careful documemalion of the aclunl layout of cables will both help wevent mmmalies and aid in the
ma|ysisof my monnm inspece.

6.2.1.5. Faraday Cage SbieMi!tg

The key to providing immunity to surface discharges is the concept of a Faraday cage. Discharges, fields,

petentials, etc. outside the cage do not affect a_ything inside the cage. In practice, penetrations and non-ideal

materials comwomise the behavior of an ideal Faraday cage, but the conceptisstillvery useful. The spacecraft

slmctme, eleclronic component enclosures, and electrical cable shields shodld be used to provide an electrically



oumiamm si_kd surface amu_ aUelecumics md wimqg. Tbe prinm_ sp_ecma stngtme simu_ be designed as
an elecuomngne_-integfenmcc-tight shielding atclosure - a Fmday cage. This (1) wevems entry of space pmsma

into the siKca_t interior, (2) shields the interior ekctmnics from any radiated noise from discharges on the exterior

of the spacecrafL Gene_ly shielding should provide 40 dB of attenuation or more for radiated elecmxnag_tic fields

associated with surface discharges. A l-ram thickness of aluminum or magnesium will do ,.his if it is as free fnxn

holes and penetrations as possible. The effect of penetrations it) the shield can be minimized by feedthrooghs,

meshes, and baffles whc_ penetratiom are necessa_.

Although the metalization on multilayer insulation is insufficient to provide adequate shielding, woperly

grounded tlgnnal blankets can be used to increase the shielding effectiveness of _e spacecrafL Aluminum

honeycomb structures and aluminum face sheets provide significam auenuadon.

Some equipment must be placed outside the main body of the spacecraft, e.g., science instruments mounted
on booms. The cables exterior to the Faraday cage should be shielded to extend the Faraday cage to those electronic

enclosmes exterior to the main body. Cable shields have been fabricated from aluminum or copper foil, sheet, or

tape. Shields should be terminated when they enter the spacecraft structu_ from the outside and carefully grounded at

the enlJry iX)inL Braid shields on wiles should be sddemi to any ovezail shield wrap and grounded at the entrances to

the spacecmfL Conventional shield grounding through a connector pin to a spacecraft interior location should not be
u_d beamg thisWovides a ccmvenientamesuu. Tbe _ pulse can be used to brmdeast its signal within tbe

_cam
Cage exegised with the shielding and cabling in the design of the spacecraft greatly increases the immunity

to surfacemd inumml_

6.2.2. M_ Techniqnes

Culgent limiliag, filtegimg, axl error detectiom and conection techniques cam be used to mitigate tbe effects

of hoth intemd md smface dtschalgex

6.2.2.1. Cnrremt Limiting

No matt_ how careful one is in the design of a system, it my be that pulses will appear on the inputs to

ekcucmic boxes. The milita_ has amextensive experience base from hankning electronics to EMP and SGEMP.

The curtt_ limiting technique develol_cd for these threats is also effective for both internal and surface dischaq_.

6.2.2.2. Filtering

Electrical tdtering is a well known method of_ng circuits from discharge-indueed upsets. The usual

criterion suggested for filtering is to eliminate noise below a specific time duration (i.e., above a specific fw_quency).

On the Communications Technology Satellite (CTS_,, in-line tnmsmitters and receivers were used that effectively

eliminated noise pulses of less t,_m 5-ps duration. Oth_ t'dtering concepts include diodes which clamp the peak

voltage below a preset value.

6.2.2.3. Error Detectiom/Correction

Providing en_r detection and correction software in the system is another way ofdesigninginimmunity.

This te¢lmique is discussed in a little more detail unck_ the topic of fault _ in the SEU section.

6.Z.Z.4. Plasma Coutactors cutrilmted by Ted William -- Hqhes Research Labs

A mmmb_ of expering_ have demmmm_ omtvincingly that emiuing a low-density plasma from m on-

boardplasma source, i.e., a "plasma contact," can offer pug'tim of geosynclwonous-Earth-orbit (GEO) spr.ecmft
against both differential charging of exterior dielecu_ and net charging of the spacecraft frame (Olsen, 1985, Cohen
am Lai, 1982,aad l'wvis and Bank_ 1980). CFheterm plmma comacmr was fu'stcoinedby MarioGrosst of the

Harvard Smilhsoaim Institution.) This "active"approachto elcctmstatic-dlscharge (ESD) prevention offers the

important advantage of freeing the spacecraft designer from difficult thcrmal/ESD trade-offs. In the case of scientific

spacecraft,havinga plasmacontactoron boardpermitsoperation m localspace-plasm__otential,revealingcharged-



pmk:le _ Io cm-lxxudspecuonu_cnd" okfwise wouldbe hkkim by evensnmllamcmntscf vchk_
frlme_ Plmmacamclo_adsomedloxrvclwood_rq_plicalkx_ (1)lowcmglbedeclri_
bnp_ancc ofe_ t_h_n bymaking"mmact"withthesjmccpla_naO_uenou andWilbur,I_, _

a_I PIH_ IW_5)md (2) clamp/_ tbe _ of q_ecr_ dm emh charged-panicle beams close to spacc-_

6.2.2.4.1. Requirements for ESD Prevention

For ESD wevemion, a plasma contactor must be capable, of producing a sufficiently dense plasma in the
near _ of the spacecraft ;hat the diffmion-limited flux of contactor-pmduced ions to a charged spacecraft surface
exceeds lye space-plasma electn3n flux (assuming negative charging). For small spacecraft, this requirement can be
met with a simple holiow_ type cd"comacux',_ wassucccss/ullydemomu-aledon ATS-6 (Olsen,
1985). Figure 6-2 shows the ATS-6 spacecraft amdthe effect of a neutralizer during a charging evenL Notice that
the equilibrium potential is near zero only during the clmrging event, and thu both before and after the reutral_zer
was on, the q0mcecnlfl was charging. Larger splcegraft (with more than a few squan_met_ of surface exposed to the

m

4 n NEUTRALIZER 4

• /ON

n
NEUTRALIZER..oooA /o,, I

-sooo- ,HI I A I
°-4oooF:/I  ,II I

-2000 ,;,,,,,,,,,,,,,, ,,, ,,,,,,,,,.,

o. 9:00 9:10 9:20 9:30 9:40 9:50

HR:MIN, UT

Figure 6-2. Neutralizer Discharge During Eclipse

-3-microemp-per-square met_ space-Dlasm3electron flux) require larger ion currentsthancm beprovidedby the
hollow-cathock/keep_ devices. To _ this additional ion-cunent capability, m(xlem plasma contactots employ
small Penning-type discharge chambers to increase the fractional ionization of tb,_weakly ionized plasma from a
hollow_ device. The operation of plasma contactors of this enh_nced type is described in the ix xt
section.



6.2.2.4.2. Plasma Comtactor Operation

The technology of plasma contactors is derived from an ion propulsion space flight and ground-life test
heritage. A plasma contactor system is shown schemafcally in Figure 6-3; it consists of a plasma source, a gas-feet
system, and a power-wocesser/controller. The plasma source contains two distinct discharge regions: one between
the cathode and keeper electrode, and one between the cathode and anode. A magnetic field is imposed between the
cathode and anode, to maximize the number of collisions electrons experience before they reach the anode. The
magnetic field mength is adjusted so that the impedance tl_t it presents to electron flow results in an electron energ)
(about 25 eV) that is favorable for ionizing collisions. The magnetic-field geometry is designed to woduce a large
fraction of these ionizing collisions in the vicinity of the exit orifice, so that recombination losses on the discharge-
chamber walls are minimized.

'PLASMA SOURCE
XENON

GAS
SUPPLY
SYSTEM

POWER PROCESSOR/
CONTROLLER

--Ico ,NOSI
d¢ POWER TELEMETRY

Figure 6-3. Plasma Coma:mr

Plasma densities of the order of 1017m-3 axecharacle_stic_ly wtxluced in Penning-discharge plasma
sources. Since this plasma has a potential close to anode potential, ions leave the discharge plasma under the
impetus of the anode-to-space-p "lasmapotential difference. The electrons that leave the soorce are those from the
high-energy tail of the Maxwell-Boltzmann distribution in the discharge that are energetically able to overcome the
elecuostatic I_rrier that is presented by the same potential difference. The greater electron mobility and larger
temperature (a few eV vs. 0.1 eV for the ions) overcome this disadvantage.
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for example,e_q_mts in which ch_ed.-pan_k beams are ejectedfrom the _t O_u _ al., 1982,
Obaymhi, 1984)- largerplasmacoetactorsa_ availableby slraighfforwardn_xlil'cab_ of cxisdngio_
designs. A 25-cm (anode_d_melcr)ring-cuspplasmaconlactorIha_is capableof producing4 Aofion currentis
shownbelow in Figure 6-5. This plasmacontactordesignis basedon an advancedxenon ion.propulsionsystem
(XIPS) which is beingdevelopedfor slal/o_-kecpingapplicado_on largecommunicationssalelliles.
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6.2.2.4.3. Current Bias Relations

The ic= currentthat is woduced by a plasma contactor depends upon the potential difference between the
plasma source and the external plasma: it typically reaches a maximum when the source is a few volts above space
plasma potential. Figure 6-6 below shows a current-voltage characteristic of the SPACECLAMP contactor. The
nw,asured floating potential is about 14 V. For ESD prevention, this small potcntia/offset would be unimportant;
on gieatific speceoraft a bias power =apply would be needed to estabfish a zero tlaeting _.
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An imeresfinsfeature of the rela_oag_ meaaned be_een me cunem md thebiasismatposi,lvecments

above2 mAare Mmwn, whiledieSPACECI.AMPccmacmr hasa miximma ionpmducb_oa_ ImA. Tae
cumin coosistsof deceroncogecdonfrom mebackoomd idasma. The ek_ron-conecdon capability,

which illusmuc=the bidirectionalnatureof theplasma_ process,isbeneficialon spacecraftthatacdvely
emit resa_ve charse.

For ESD pmvemion,a plasmaconlactorcouldbe operatedcoodnuously,or it couldbe acfiva;¢_only when
a durcatenmgenvironmentis detected. The form_ option is obviouslythe simplest,but it carriesa penalty in that
the gastankagemd plasma-sourcelifetime must be adequatefor theentire durationof thest_t servicelife.
While plasma sources similar Io those discussed here have denr_sated lifetimes in excessof 15,000 hr, the longer
plasma-somce lifetimes that would be required by many contemporary spacecraft have not been demonstrated. The
alternative approach, of using instrumentation to detect a threatening environment or the onset of spacecraft charging
andat_mnalicallyactivatingthe plasmaconlactoronly whenneeded,is attractivebecauseof its gas-,powcr-, and
lifetime-sparing qualities. Availableplasmacootaclo_aredescribedintheappendix.

6.2.3. Metbod_ of Circumvention

Sometimes, in spite of the best intentions, a space system is flown that has w-_atesses, and is subject to
memalies. In mose cases, ciscumvemion tedmiques cm be dew.kqgd to avoid real pmblenu and to etmbte the
system to provide the service it was designed to provide. Cur.umvendon techniqaes include redundancy, monitoring,
md eperalkall dtmges to avoid, modify, or reqg_ m tbe impact of m anomaly.

Mmy symems provide some level of_ in tbe hardwa_ so that when one side of the system fails
or is upset, itcm be turnedoffand a duplicate system turned on. This is an excclleatway to circumventanomali_,
when tbe rate of failure or upset is not too high. Operator or automalic action to switch from one redundant unit to
another is sometimes the best way to maintain a space system's capability.

Other times opermor intervention involves a detailed undemanding 4 the hating ef tbe anomaly to petTonn
the proper corrective action. Examples of this might be reloading a memory or rese;dng a switch m restore
operation.



Some _ arenevernoticed.Forexampleaslatsensorwhichwkesanumberofreadingson asmfs

locationandaveragesthembeforeactingontheresultmightnotbebmberedbyoneexuemelywrongdam pointdue

toaIrmmimL Designswhichopcraleonaverageconditionsorn_luireredundantdatafromIbeenvironmentareless

susceptible to upsets then ones which operate on single pieces of information.
Real-time predictions of the environment _ benefit corrective operator action by predicting periods of

increased activity and hence need for alertness. Onboard monitoring of the environment can go even further in
alerting operators to the likelihood of upsets or amomalies.

6.2.4. Quality Control

Proper hamdling, a._Jnbly, inspection, and test procedures should be instituted to insure the electrical
continuity of the space vehicle grounding system. The continuity of the space vehicle electrical grounding system is
of great im_ to the overall design susceptibility to spacecraft charging effects. In addition it will strongly
affect the integrity oftbe space vehicle electromagnetic capability (EMC) design. Proper handling and assembly
pmcedmes must be followed during fabrication of the electrical grounding system. All ground ties should be
carefully inspected and dc resis;afK_ levels should be tested during fabrication and again before delivery of the space
vehicle. A final check of the ground system continuity during prelmrmim for space vehicle launch is desirable.

t, addit'_mto insumg em tbe qmcecma i$ _ the way it was designed, cafefu| documemmion of
how it was _ will help in the malysis md comrectionof any anomalies. This is especially Irttewith cable layout,
surface cmductms, gmunding, and mher sy_-em mpeax Seme _ even m_mmead documeming by
fdm_ _e sysmm in varimm stages of comple_m. In ez reip_urof the Sok,r Max mission uttdocummal d_nna!
b_km slpmcm laevemed ere Se_ Max mission caimm: device from working as _ _ _,
N. Jolm Stevem, 1986).

6.2.5. C_t-Effectivemeu

•rl_ eflrecu d deagaing in immuuity for mffxe _ me:
!. Reduced epmmimml corn
2. Raleced outages
3. Simplification of dam amalysis und hence reduced cost f_ dam amlysis or mine dam analyzed.
Tbe _ of _e han_m approach imptmnemed is highnghted for mitiumy space sysunms in _

ODAP reporeg for NASA and commercial systems, incentive fees for perf_ or successful completion of a

mission highlight immune designs.

6.2.6. Subsystem Guidelines

In addition to the general guidelines given above, Purvis, e! ai. (1984) provide some specific advice for
subsystems in providing immunity to surface charging. These are given below.

6.2.6.1. Solar Paul Grounding

"Soix army panels md subsumes should be ekcuical!y grounded to the structure. Solar arraypanels and
conductive sections of subslrates and honeycomb should be grounded to each other with grounding jumpers and the
entire network grmmded to the space vehicle stmctuurewith less Ihan2.5-n_ dc resistance per joint. Deployable

panels on tleee-axis-slabiliz_ vehicles can be gn_mded to the slngtme through slip rings where necessary. A
gn_md wirecanbe usedto bond togelher each lateral slriportowofsolarcells.

6.2.6.2. Solar Panel Fabrication

"Solar array panels should use materials amdfabrication techniques to minimiz_ electrostatic discharge

effects. Solar pamelbeck surfaces, edges, and honeycomb should be grounded conductors. Conductive black paint is
suilable forlhen_'arsuffaceofthesolarpenel. Solar pameledges can be wrapped with groendcdccmductive lape. The
front surface of the solar array consisls of nonconduclive cover slides and gaps sometimes potted with nonconductive
adhesive for electrical design reasons. The potting thickness should be the minimum required. The front surfaces of



coverslidesmaybecoatedwithaconductive,translmentcostingof grounded indium tin oxide if required. Such
coatings typically reduce transmissions by 5 to 10 percent and me generally used when absolute charging must be
(xxmolkd.

6.2.6.3. Power System Electrical Design

"Power system electrical design should iJgoqxxate features to protect against transients due to electrical
discharge. Sped( discharges from solar arrays should be anticipated, and the electrical design of the power system
just provide adequate protection. The following design practices will help in reducing the effects of such spark
disd__e_

"(!) Clamp solar array wiring, preferably at the entry to the spacecraft Faraday cage, but definitely before it

enters the power supply.
"(2) If solar array wiring is not clamped at the entry point to the Faraday cage, shield the wiring from that

point to the power supply.
"O) Use solar arraydiodes with forwmd cmrent ratings that anticipate expected ESD transient cmTeJ_
"(4) Perform analysis and testing to verify the power system electrical design for survivability or immunity

to spEecraftchaqgJgeffect_

6.2.6.4. Mechanical and Structural

'*Inadditimm t_ gmcrd gnidemJes,mefoJlow_ specifx:guiddmeappgies:C(mth_ve _b md
facesheetsMaxddbeeJrctricaUypoandedm the_qmcuJg.

"Allummm kmeycomb sdmna:ums naluig special_ for ekcuk_ IgmumJktg.Tcx:hniquesfor
8rounding omndm:tivehoneycomb md fKe sba_ iElu_ dyers, copper wiJes, _ _ _.

"Caredmeld be taken m estaldish ground ties at several locatiom on the honeyonn_ structure and m
maimaingroundenntinuitythronghall_ prosandfagesheets.Forexampk,arcgtmmteudedmedmd of

uis cower_es _ se_qgtbewi_s_ at_ i_aaon aqJesthmushthe
(makingcontactwithseveralofthecellwalls).Tbe wi_esshouldbeinstalledatma_nmm intervalsof30cm across

tbestngtuge.Elecuicalinspectionot_ laturfacesfor_b snctmes al_Iks.

6.2.6.5. Tl_rmal Blankets

"All memlized surfaces in multilayer insulation (MLI) blankets should be electrically grot_ndedto the
_re. The metalized multilayer surfaces should be electrk:ally grounded to each other by gnmn.:l tabs at the
bl_tket edges. Each tab should be made from a 2.5-cm-wide strip of O.005-cm-thick aluminum foil. The strip
should be _ folded and interleaved between the blinker layers to give a 2.5- by 2.5-cm contact area with all

metalizedsurfacesandtbeblanketfrontandbacksmfaces._ve spacerormeshmaterialmustberemoved

fromthevicinityoftheinterleavedtab.The as_aanbfyshouldbe heldinplacewitha metallicnutandboltthat

IgaeWates all blanket layers and caimnes 2.0-cm-diamet_ meudlic washers pmitioned on the blanket _t _ _k
surfaces and centered in the 2.5- by 2.5-cm tab area. The wagters may Imve different diameters, with the inner
surface of the smaller washer reces_! to insure maximum peripheral contact area between the interleaved foil strip
and each metalized blanket _,qJrface.The tab should be grounded to stmctme by a woven technique such as a wire that
is as short as possible (15 cm maximum) or condective Velcm.

"The following Wactices should be observed during blanket design, fabrication, hamaing, inuallatim, and

_pecem:
"(1) Verify layer-to-layer blanket gn3endin_ during fabrication.
"(2) After installation, verifv less than 10-ft dc resi_ between blanket and structure.
"(3) Close blanket edges (cover, fold in, or tape) to wevent direct inadiation of inner layers.
"(4) Do mt uuecdnlded, wrinkled, or cr_ metalized fdm material.
"(5) Handle blankets carefully to avoid creasing of the fdm or possible degntdation of the ground tabs.
"(6) If the blanket exterior is conductive (paint, indium tin oxide, 'fog3, make sure that it contacts the

g_nd _b.



6.2.6.6. Tkemal Control Louvers

"Ground the blades of thermal control louvers. A tree wire with minimal torque behavior or a fine slip
brush can do the job with ac_l:_al)k torque constraints.

6,2.2,'7. Antenna Grounding

"Antenna elements should be electrically grounded to the structure. Implementation of antenna grounding
will require capful consideration in the initial design phase. All metal surfaces, booms, covers, and feeds should be
grounded to abe sl_uc_re by wires and metallic screws (tic short design). All waveguick elements should be
electrically bonded together with spot-welded cqnnectors and grounded to the spacecraft structure. These elements

must be grounded to the Faraday cage at their el_ry points. Conductive epoxy can be used where necessary, but dc
resistance of about I k_must be verified by measurem_t_

6.2.6.8. Antenna Apertures

"Spacecra_ RF amema alPenure cove_s should be ESD cemduelJveand greended. Charging and arcing of
dielectric amemmdi_ surfaces md radmnes cm be _ by cove_ng _hem wi_ grinded ES_vc
_. Antenna perfmmance should be verified with the ESD c_vering installed.

6.2.6.9. AmMmma Rt4kector Surfaces

"_mmd_ _ qmmmcr_d=rge ommmi _ dm.kl be med oa meam mlkoor _r mrlPm_
_ mmracecoved_ _s,qum must be sekg_ _ meJmds _ cmduc_ve mes_ Immd_ to

die_c_ mmat_ sifica ck_, coauc_v_ pans, or _ Om_amq_ t_ins) trains _
gnmnded conO,m_

6.2.6.10. Trmmmittem tad Receivers

"Simctcmft tmmmium md _ (ommmmd line md dam line) should be immune to tmmiems Woduced
by _ dischar_. Transmitter and n_iver ekctricai design must be compatible with the results of spacecraft
cimqgingeffects. Tbe ElVllenvimmnent pnxluced by qmcecr_ electmslatic disdmg_ slmuld be addnnmedearly in _
design plumeto pennia effective electrical design for immunity to this environment. The trammitter,receiver,and
antennasystemshouldbetestedfor immunityto ESDs nearabemtemta feecLTbe repe_ticmrateshouldbe selected
to be comistem with estimated arc rates of neafoy materials.

6.2.6.11. Attitude Control

"Attitude control electronics packages should be insensitive to ESD transients. See Table IV [Purvis et al.

(1984), p. 16]. Attitude comml systemsoften W_luimsensors that are remote from electronics packages for Faraday
shielding.ThispresentstheriskthatESD transientswill be picked up and conducted intoelectnmics.Particular

caremus_betakentoinsureimmunitytoESD upsetinsuchcases.

6.2.6.12. Deployed Packages

"Deployed packages should be g_oundcd by using a flat g_ound snap extending _e length of tbe boom m
the vehicle suucuxe. Several spacecraft designs inc,xpom_ dielecu_ booms to deploy payloads. The payload
electrical system my still require a common ground refezenee, or the experiment may require a link to some electric

potential reference. In tbese cases it is recommended that a flat ground _-ap be used to carry this ground tie to the
vehicle stngtm_ _ wiring extending from the deployed payload to the spacecraft interior mu._becan_J
inskk or along tlg dielectric booms. Thi_ wiring slmuld be shielded and tbe shield grounded at rig pockagc end and
at theFaraday cage entrmge.



6.2.6.13. Ungrounded Materials

"Specific items that camnotbe grounded because of system requirements should undergo analysis to assure
specified perfemumce in the spacecraft charging mvh-mment. Certain space vehicles may contain specific items or
materials that must not be grounded. For example, a particularexperiment may have a ._ctallic grid or conducting
plate that must be left ungrounded. If small, these items may present no unusual spacecraft charging problems;
however, this should be verified through analysis.

6.2.6.14. Deliberate Surface Potentials

"Ifa surface on the spacecraft must be charged (detectors on a science instrun_nt, for example), it should be
recessed of shielded so that the pe_lud_mce in surface electrostatic potentials is less than 10 V. Scientific
instnmgms with the need for exposed surface vol_ for measurement purposes, such as Faraday cups, require
special auendon to insure that the elecm_madc fields ,hey create will not disrupt adjacent surface charging or cause
_es by IIK_ al}_ation. They can be _ so their fgJds at the spacecraft surface are minimal or shielded
with grounded grids. An analysis may be necessary to insure that their wesence is tolerable from a spacecraft

chargingmndpoinL"

6.2.7. Summary -- Surface Charging

A specific implementation of a smrface_ might include the following:
J. pe.tmn a _ dmsi_ miym m _ aaface _ me nmifydesignen of Ixmible

wcs und ,l_r dmac,e_licL Based ea thek thmul ml elecui_ lauPmies _;ect _ wlhff,h ment thermal

nqui_ma, bit _ve m hish,a _ cemJmivi_ as _. utm_ pee,,_led _ comings_
possible. Gm_glcoadu_ive_moptica. Cow:myrmlmacswithESD-com_'e_vc(nesislivity<101Uo hm-

cm) md &roundceming. Test an non-slmdmd materials for dischmge _
7. eeviewboed_,edmiqm_mdteatode,mmemeircumemCSTy_Capebaiti_ esmbtish peunmag

t_llmmemma to bmmrea maxinmm pmential dIHeemce betwem any two points of lhe slmcecraft of less _ _
volts. _ a maximum resimam:ebetween my twopeimson the q_:ecraft ground plaae of less thin 10

miiliohms.) UseF, madaycaljecomuw, tim fecMlbaskspw, ecraftdesignandailelectmnichoxes- Bondall
metallic and cendm:five smaxags mged_ - allow no unpmmded condtguws un the surfa:e. Anow no sm'fm:e
dieleclric (resistivity> 1014 ohm-cm) withale.as(0.5 m_ which when disd_l age great enough to cause die

syslemalmgMiem. Allcables slmuldbeshieldedaadeleclricallytiedtoseructund ground. Allclectronichoxes have
low impedance (<2.5 rag2) to structure. Thermal blmkets Ke bonded to slructure with aluminum bound suaps.
Thermally isolated structures must have at least two bond maps.

Typical Bond Strap Requirements:

nond_
<25 cm2
25 cm 2 to 100 cm2

100 cm 2 to 900 cm2
900 cm 2 to 8000 cm2
8000 to 16000 cm2
Each additional 8000 cm2

.Numberof Gmmu£uram
None

One-if a signal cable passes within 3 inches of the thermal
blanket; none otherwise.
2
3
4

1_ _mmdsuap

3. Use special filtering of exposed circuits at the entry point into spacecraft. Provide a conductive path to
stngture forailcircui_. Isolate winmw and secomda_ windings of trm_onne_ Gmund radiation spot shields.
AvoklTeflonmanimedororexteriordiekct_. Use low pass fdtexs on interface circuits. Use as iow a speed

logic as po_tible. Provide a bleed path for Irat_ areas > 3,2 cm2 on circuit boards. Provide a bleed path for isolated
wires > 25 ;:rn long. Use SEMCAP to estimate coupling of discharge to cables. EMI fillers "shouldbe modified
when circuit enalysis indicates a problem. Where possible use a high voltage logic interface between boxes to
inct_lse noise level required to couple into box.
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By ammding to the mrface des/gn (I), _e elecuical ground/rig (2), and d_ecircuit sens/tivi_ (3) m a
sys_en_ a_, surface cha_in_di.s,d_ing _ can be min/mized if not avoided.

6.3. Immunity to Internal Discharges

The shnpkst way _odesign for unmunity to mtem_ discharges (_D) is to either prevent the cha_ing from
_kmg place or dissipate any charge buildup in a manner wh_h does not produce any upsets to circuitry.

6.3.1. Design Assessment

Assessing a system's susceptibility to interreddischarges proceeds along a fine paralld to the assessment
just descril_ed for surfsce chafing. F._6 the env_nnent _ evaluagd to de_m_ the current of peneuat_

is couplcd with the material properties and com_gmation to dctcrmine the likclihood of dischavge_ Then the
characteristics of the dighmge are estimated and the pulse is coupled to the victim circuiL The nmahs of the

coupling ac that compamf to the scmitivity of rig victim to dctamine the extentof mepmbim.
The prmcq_ enviromem of cmcem for_ d_u_e sssessment _ _e peneuat_ chargedpm_e

enviromnent. This usually mcanshighcncrgyclccUm_ Inchapter4itwaspohstalouttlmimtnm_dighmges
occur_ a_ cumin _ to_ _ume __ _m___tame_

_ _ a_ nteof,anez_ no matter_ _ ____ _caa--."---

thetotat_ _ toavohmz,md this_ _ withthe_ ofthe_ _ me
__a_. _ __ f_ _ I_ toI_ _ _ate _ toocc_.

Sinc_ imami disclmges occur near their mol lilzly vkaim ciguits, the casicst md mmt coamvative
_of_ _ to_ _ in_ of___ inw _ _ _ _ coune,dm

_ __ _ _ _ a_sc_,_ ___y way m _ _ _y _ _

_e_ for_ _, _ onev_t _a _ n__L _g __

__of_ _um c_ _ crucialto_ng _ renc_ ofa_ tom_

f_even _ _ _ve c_ to_ T_y__m__v_oa _of_

c_uit's _perating vol_t_e for tens of nanoseconds to produce gn anomaly. Howeve_ rig nattnl imtgdmc_ md
capacitances in the circuit tend to sue_ch imemal disch_es to the point vd_re _ can influence c/_ui_/especially
when _rgc discha_ occuc

_reful material selection can criminate many _ charging probicms. Somewhat leaky magrials may

wovide very adequate electr_al isolatkm in an electronics sere, but stiHprovide good leakage for the charge that
might build up due to the small high energy cmnmt which causes h-tte_nalcharging.

Th¢ fn_t ml_ is to ma_ su_ _r_ a_ no _Ung _ an]nvlN_ in flN__L ,q_J I0(_
mctalizaticm should be sctcenaf om of thc design and fabrgatim woces_ Checkpoints should be cstablishcd and

closelymonitoredfor such ungroundedmetal.
All cablesshouldbe shieldedor grotazi_ am_orcunent limitingdt_:es employedin thecin:ui_. Be

careful that ungnmmled whys me not kft h_a cable bundl_ _exnm__mai_

_ka _t _-? would/y Ig mud, and not mnoved _dgn tlgy were not needed in the f_ _ The easiest
check _ this type of _ _ at the comector. Eve_piasho_dbeasedorgmtmde_ _mteseachlead_s
supplied with scv¢_ ir,ches ofkad _ so the total mmmm o¢ ungnmmicd wkc could be signifgant forevena

s_ngtcunsmon_ pm.

pmor_ _ forsame_ _ a_ f_ _
Assigning to QC the ta_ o[ moaitmi_ fig design ndcs dvcided on by the systan to eliminat_ intamd

discharges is an effective way of assuring w.oject ammgengl thatevexy step decidcd on is actually takes_ QC dcMs
with the "as built" statusof the system,soany misapplied or forgottenstepsare moreobvious. Careful instructions
to QC will eliminate oversightsand mistakes that soew,times resultin an ID sensitivesystem.



6.3.2. Mitigation Teckniques

Although internal discharges tend to be much smaller than surface charges, unfortunately Ihcy occur inside

the Faraday cage, and therefore are not affected by the Faraday cage. However, internal discharges tend to be very

short, and therefore f'fltering techniques which discriminate against short pulse can be very effective. When the pulse

is "stretched" by the coupling mechanism, its energy conlent tends to be small, reducing the likelihood of serious

problems. Circuits designed to respond only to well controlled inputs also discriminate against internal discharges as
well as random noise.

Another approach to mitigating the effects of 11) type anomalies is to design into each system/subsystem a

method of detecting my sueh upsets and an automatic mcam of self--don. Parity checking, fixed program

checks ( pcogtams that calculate a known answer using a known algorithm), and checks against a golden memory

have been used as error detectors. This technique would undoubtedly lead to increased cost and complexity But if

implemented at the beginning of a program the cost impact would be very small. Retrofitting such a technique

might be expensive. This points up the importance of designing for immunity from the beginning. In the

_ ckummUlge, emx detection md correction methads can be very effective. Fault _ procedures me

discussed under SEU immunity.

system monimcing for my ietemul diachm]_ which might occm" could be m integral pan of my

EDAC (ekctmeic dala md ccmlmi) program. Howeveg, meed*ogMg alone will serve no useful propose, unless it is

_ with a pmcedtwe to mitipte tbe effects of intemM diachagges on satellite systmu. Monitoring internal

dir.haqps dmaiaSmite puhM=,chaq iasma, orev= chargebuiktmpin e stash) ealy
provides btdkaliem o(the rate of ID, and may nm Im_vide my indicafiun of specific ID camed upsets,aMmugh there

shoMId be a Mmqg conelatiom wbea sampled over a mffJckntly long time. M_ cm, however elimiaate ]D
m a mq)ected came wbea no correlation is found over t lung _ It is pmimbly easier to elimimle internal

diglml_ dun m monimr them and react _.

6.3.3. Methods of Circumvention

For satellite systems which have not been designed against ID type anomalies there arc operational

wocedmes which can be implemented to "wetqkaround" these upsets and minimize their systems impact The exact

details of such procedures would have to be tailored 1o fa each satellite's capabilities and the user's needs.

Ckcumventing any upsets from internal discharges by olgvafimal methods benet'as from real-time

Inflictive information about the slate of "space wenlher'. _ monitors are even more valuable in such cases

because they give on the slot in_onnalion about the actual environment the spacecraft is expet_ing. The exact

nature o(these grmmd breed w,.qxmses will delgml on an umks3tlmding of tbe natm_ of the anomaly and the spece

s3_tem. Once semitive subsystemshave been identified, the appmpmte response can be made.

It seems clear Ihat Ihe most cost-effective way to engineer immunity to intmwl discharges into any

spacecrdft is to bull the ha_lware _o that charge buildup and sabsequent internal dis_ do not _. By

specifying materials that do not build uP large putemials, requiring all metal to be grounded, and thomegh EMC

testing and design, the source of interred discharges can be eliminated. The filtering and shielding used for surface

discharge immunity generally contribute to internal diachaqge immunity as well but the main attack on this problem

has to be in eliminating the som'ce and reducing circuit smsitivity.

6.4. Immunity to SEU

Single event upsets were essentially unknown when eleclronics systems were made up of discrete

COmlmmm_ Modem electronic systems however are full of small low-powered fast electronics which are sensitive

to single pmrticles_ The capability and desirability of using such pails from a system point of view make the

immunity engineexing a_h less amenable to a systetqs approach than either of the other two anomalies we are

discussing. For single event upsets, attention centers on m_king the part itself immune to SEUs or at least

lowering its SELl rate to an acceptable level.



6.4.1. Available Part Data

For single event upset immunity a Im3grmnshould start with an approved parts list. This list should limit
the number and types of parts available to the designers to accomplish the missim. If all of the parts on the
approved parts list are SEU free, there will be no SEU problem. Usually, unfortunately, the capability required to
perform the mission dictates that fast low powered parts be used. These parts tend to have non-zero SEU gales. So
it is very important to estimate early what the SEU rate for each part is and ask each system what SEU rate it can
tolerate. Since SEU testing of parts on the ground is a long and expensive wocess, a program should attempt to
take advantage of the work of other programs in this area. SEU testing is discussed in 6.5.3. Below are listed some
of the.soar.ca of SEU data which exist:

6.4.1.1. JPL/NASA Ground Test Radiation Data Bank

This data bank is becoming computerized and is accessible by phone (Martin et al., 1986).
6.4.1.2. IEEE Transactions on Nuclear Science

See especially the December issue each year wh_e the Im3ceedingsare _ of the Nuclem- Science
Radiatinn Effem ceufea_.

6.4.1.3. Defense Nuclear Agency (DNA) Hordteu Assurance Advisory Committee

This gnmp is agood source especially when you agedealing with militm7 mluimntetm.

6.4.1.4. DASIAC

DASIAC: DoD Nuclear Infomuaion and Analysis Cem_ operated by Kmnan Science Tempo Division,
816 State Sneer.P.O. DrawerQQ, SantoBadNra,Catifomia 931O2,(8O5)965-0551. The E]ectmaics Radiation
Respouse]afmmtim Cemer(ERRXC)hasradimimdm emmay pan_

6.4.1.$. Various MIL Specs

I_fense Electronics Supply Center (DESC) maintains a qualified pans list (QPL). The MIL qggs misting
to how you should test are in MIL-S-750 for semiconductors and MIL-P-883B for ICs.

6.4.2 Programs for Developing SEU Hard Parts

Where it is not possible to select hardened parts, then pans selection should be made with hanknability in
mind. For example, experience has shown that certain pros cau, through technology transfer, be adalxnd m _
SEU requirements and still retain their desirable characteristics. However, it should be noted that this is a path
which is both expensive and risky.

In purchasing and stockpiling pans, always _ processing conlrol and reliability. Manufacturers in an
effm to give betteg service to their cusw4ners and to increase their efficiency continually "_" their processes,
andmay mdvem_ degnde radmmnhmeness im_e proce_ The_fore, a is nmman muummmbt_m m k_s_
monitor, and i_mps even conuei the process for _e pea of imem_ m your program. One of _he teclmiqu_ for
hardening pros to SEUs has been the use of cmss-ceupted resistms in each RAM ceil, as described in chapter 4.

6.4.3 Fault Tolerant Solutions

(From viewgraphs of George Gilley (Aerospace) and Michael Sievevs (Fail-Safe Technology Corp) -
DNA/DARPA SEU Symposium, 20 Awil 1983.)

Fault tolerance is a method which will allow the system to continue to operate as specified, even if faults
occur. Fault tolerance requires protective redundancy, and autonomous fault detection, isolation and recovery.

Protective redundancy means that the system must be capable of switching between independent uniLswhich are
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protected from each other so that a fault in one does not _ to the olher, or inhibit transfer Io the other. A
fault tolerant system must have a way to discover the fault, isolate where in the system the fault occurrcd and recover
from the fault.

Intelligent operators have historically provided an incredible amount of fault tolerance in systems which
they monitor and control. Recent efforts have bee, directed towards making the hardware itself, inde[gndem of the
operator, fault tokrant. Today most "fault tolerant" systems are ones which are.wesumcd to operale aultmomously
without opem_ inluvention. Indeed with the advent of missi(w_systems/parL_ which can suffer irrecovegablc
damage in times _ than the time rcqui.,cd for data transmission to the opcrator, on-line au_ fault
tokv, mce is noeded.

Fault toiermce is based on good fault avo_lance practice. Known _'aultsusceptible parts or subsystems
should be avoided. Fault tolerance involves fault drAection, fault diagnosis, a_l recovery. Fau:t detection can
involve operator action as well as on-line autonomous detection. Recovegy can be either fully operational or in a
_gmdedmo_

On-line fa_ _ includes seif-checki_ ckcuits, and varkx_ error codes. Historically Hamming codes
have been uaed in dall Inmeanissionas exmr delection w.bemes. Many times emz detection is coup_ wilh egror
conecdnll if dteemmba d enors is 5mizd, aed the code wt only m:egniz_ an enor, butspecitrx_dlywhattbe
cemecti0llit.

Oi_om is mdax_ by tke rmh-dmai_ _mt=. I tm tk=_ to m)iae tit=_m=,
hmll_ _rc_ll_lion of x_rc amllwdwxm _mt:h I_ _I_IL Om:¢isola_L ahcfxill_lJ ncallsw be

ixlm_ _ _kmm, _ _ _ or_ _ of _beIxevinw modmx_ dl ix_1_ o_
x_'b_ w ah__T_m de_IIr. B_ wlhmx a 4x_irg _aw- il 4_iF_ miwion _llW_mm, k is diffx:_ if
mmotilpeail_le_ atomaimnma_csmW_md_

_ dmwu: _ imM0dh_essqpmificmm_m_ - inIbmhhidw',mmemmKlmol't_. Tlhemz¢'_

mm.ongm_ma_ mmN__ _ _ red,a_dasadd_demmal_nOl|rmm,e.,zcu6onis_ mql_mrcdinf,mm_molc_,:mml

mymmr.._.
The_ea_eaaumbe_ofschemesofhanlwsremd_dsncy w_ch a,ow fault_,Jierance:dualmlundm, dymmc

_, _ (_ of_ cumpm_s,,ia q_us),N-s_h_ _ sysms,a_ en_
ccnec_nscedes.Eachschemeneedsm be_ foritsimendedmissionwithrep_l_oreSabili_,l_fesime,aml
cost. A fult tokr_m system camtot be effective_/desiffNd in mad heg way, it must be ca_efully thtaqghtdwoqgh
so that each iaem, sime, _ module, etc. plays a rueful n_ in wotecting the sysgm fnm en pmsi_ _.
Each year Ihe IEEE holdsan "lnlenmdmml Symposiumon Fa_ ToleramCompming." This confenmce is an
excellem e_ource for many asigcts of fault tolerant design. In addi6on then: are a number of texts on fa_ tokrance,

w.Sablesystemdesign,amlre|a_ed_cs whichprovideag_e.atdealofdeu,;lon theadvamagesamldisadvanagesof
w schemes.

6.4.4. Methods of Circumvemtiom -. System Level

Following the main line of immunity of SELl ham imls, thereare severalmethodswhich might possibly
helpm SEU pmbkm. Among tbescarc watdtdog6reefs,shic.Ming,errordetection andcorrectionat dg systc,m
level(vm kindsof nalundantsystems, votingacbemes,etc.),and_ work-wounds(mcmo_ loads,
_eg.).

Fora towenoughSEU ra_,atimerwhiche_pecuasignalfrom the computex or _slaft._ the syslem will

pmvem emw_ horn stopping _, ahhoqgh the dala itw.lf mil[ht be respect. The dining imerval is chce=n so
thst no more than one enor is expected during 0g timing interval

Aldloagh shielding to attenuate the heavy ion or proton pafli¢le flux is not very effective for galactic

cosmic rays it can make a diffe_rencefor lower eneqD, heavy ions when they can make a significant contribution to
the total SEU rate.

Alien opcmors will gstamL,or even reJIomlmemmies afteg suspected SEUs _,¢ exigriesw.ed. For _me
operatingspacecraft,memoryrcloadshave become common pacdcc to account fc_ SEU sensitivedesigns.

Ultimately, the project or system designe_ eliminates SELls using the most cost-effccuve ways he can to

1. Reduction in outage times
2. Increased reliability



3. Enhanced_ility of mission success
4. Increased.systemlifetime.

The system d_igncr's opuons range from SEU immune parts to fancy error detecting and correcting
circuits. The most cosl-cffcclive way of dcsigniug the system to be SEU immune will depend on :citing prior_6cs

for ensuringimmunity, and for methodswhich areto be usedin achievingthat immunity.

6.$ Testimg

The I'madslep which proves that the complete system does not re_,_oondunfavorably to ESDs, IDs, or SEUs

is system testing. Extensive tesling before launch helps assure the system will not experience any difficulty in
space. Testing is a check on the design, the workmanship, ud the reliability of the system. Proper testing, coupled
with an understandingof the interactionof the spacesystemwith the mvkonmem, shouldgive thesystemdesigners
and users coM'uJencc in the immunity of their system. TaMe 6-4 summarizes the testing required for a full analysis of
s_t_uaK_. _ _ _t_r_p_

TMMIc6.4 Ammm_ Ta_ql Sumnmy

Com_m Tesl

Im_rml Disdmrgcs

SEU Testing

MamiM _:

agiq em
u_ce _mdl_ m
i_aocmdm_ty

kdm:edmadm_v_y
10_kscaemg coefftciem

EMC I_ting (Ip_n_ml)
surfacedischa_ tesLing-
capacitive coupling
arc injectim
arc radiation

EMC testing (gcncral)
enmlermPconfiguration testing
delailcd subsystem testing

Partcharacl_riT_uion
Erm¢ simulation:

softwareteming
Imedlwa_test

On a fundamental level, delennining the part or _ behavior is basic to understanding its reqxmz in
the cnvirmunenL For integrated circuits concerned w_.lhSELls, this means discovering the parts sensitivity to heavy
ions and protons. For surface charging, material testing determines the secondary emission yield, plm¢oemissioe
characteristics, conductivity, and aging characteristics of the material so that charging calculations can be done. For
bo_ internal and surface discharges, material tes6ng helps determine the probability and the characteristics of d)c

discharge.



1L$.1. Surface Chargimg Testix|

Before any assessment of the charging stale of a space system, one needs to know the response to the
envimtmgnt of ritematerials used. For surface charging/discharging we will assume that the environment for the
system has beea established by measurement and lhemy and includes a signif'gmt plasma environment. It may not

_ IBll sl_wl_h_d_rtl_ _ m _k_.
Much of the eady characterizatkm of spacecraft materials was done in simple vacuum chambers with a

_ electron source at one end and the sample at tbe other end. Typically the sample was mounted on a
plate that was grounded tlwough a microammeter. In this way, the current leaking through the sample was measured.
Non-cotw_ti_]g voltage probes were passed in front elf the samples to measure the voltage of the sample surface. By
varyingtbe_g voltageon tbeelectrongunfremIto30keV,themaletialraidertestwas characterized.

Testsofthiskindgavea goodenginees_ng_ oftbemategialwoPet_es,butnotacompletescientif'_

analysis._ ifawj,weretbemainob_ve ofthistypeof_ andweredetectedby sudden¢_

_mO me_mt_ _ me_ _-_ _ _ace igfmea_ af__ chqm m _
cumax. Mate_ak _h didmt discha_einanelec'-_onbeam testat20 keV with_ _ _ _ I0
__i_n_demed'sak'_ma__pemtorview. La_t¢_raetaL(n9S0,l_t),and
M_am a_t_O_t(ngu2),ImeaeaSCALA ch_g_gmu_, _o_edthat_ nm _tswere_ _ At
_ thrum,__ _,he retard is _ emmahmauowhiShcUaq_acgn, daim onthesamp_
x_le athi_ flues, the radia;mnintbe_dcmd_ mayalh_ suff_iem _r_e w I_leedo_Tw _

Trot fgililim for eqimmiq tests of rids t]q_ lave been devdoped at aemM ,umim:e compmdm, NAS_
Lewis IRaugch _, JIPL,aml the Aercqmce _ Some _ these facilities age very ctmq3k_ and Mlow

immltmmm eapmie w dectmm, im_ and ulmvit_ radiJm It.crag m M., ]_i1.
A mniq qmm_ mmmismdolt _ beth_ md secoadm_emim_onma, Im_ce,me

clmqgimg_ is tl_ psma_ of time. Both ptmmemisdmmmid secondm_ ekcum emissiom depoM on the stme or
,be amfagg eglhe mat_iM ud m seine degn_ em ,be chmtical amine of tbe mineral. Cgmktly the surfw.e of tbe
mamial i_ im_mtced by ,he histmy of the nm*u_. Ele_ethe woM "himw." is meam to em:omlmm an of the
evems that hqqpeu m the mineral. Radiatim dmtage, themal cycling, outgmsing, and many other effects change
tbe conditkm of tbe maletial, and lhis whole _ is refereed Io as aging. A full malysis of the charging of a
wacecrah includes Oe effects of aging. Although most mmlyses done so far for _ ignore aging effects, the

long m now undercomideration make aging concerto of more impoglance.
Another naggi_ qu_tion is tbe effect of tbe handling and processing of the ma_ial used on _L

Typical sciemific measmemcats a_e made on carefully preim_ pine sampks so Ilut tbe results _ _ __ _
amyccmlamiltalion. Allho_ _ malegiah agetyp/gally cleaned and handled carefully, Ihe detaikd behavior
cambe diffegem from pure materials. For example, the secondary yield for pure aluminum and that for alumimun
with a thin oxide are diffes_nt in detail. The buildup of the oxide laye_ can be abserved as a clum_e with time of the
secondary emission of a pine aluminum sample. Studies of themionic emitte_ for cathodes in electron robes
showed wide vagimio_ depending on trace elements or imlmrities in the _. Most SlmCectaftmatedal lests
have been done with "as received" materials, ralherthan specially prepared ones. For Ibis reason, it is sometimes
desirable to perform sensitivity studies to determine when variations in maler_l Wolgnks impact

6.$.2. imt,_'mal Charg|mg T_timg

Testing minerals for internal cimrging involves a simulmion in which tbe clm_ depmited in the _
simulates the chat_ which would accumulate during the slmco:xaft's flighL Simulations have shown that it is
impormmtm nq_duce tbe rate as well as tbe *.oudcha_ dupmited for accurme results. Internal discharge _e,_ts
requ_ peneUating electrum. The elecuon range needs to be _ degp m depmit clu_ in me region(s)
thought to be sensitive to discharge. The flux needs to be dmsen so that the charge built up in the sensitive volume

is comparable to that expected on the mission. To meet b'_ of dgse conditions may require long testing times on
2-3 MeV eleclron accelerators. When this is not sccepmble because of accelerator scheduling and/or costs, short

tests might be designed. Then one must address the question of how conservative the test should be. For internal
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chaqginlkthehighertheratethemo_l_ely thesewillbedisdmgesif theradiationinducedconductivityissmall.
Ananalysisor_ engineering tests should include both the likelihood of a higher inte_nmlelectric field due to
the high flux of trapped electrons, amdthe additiomd _ of trapped electrons due to radiation induced condtgtivity.
Many of the tests for the Galileo spacecraft were domeusing mmtccnergetic beams and only simulated the total
charge deix_ted and the rate. Coakley et al. (1982) simulated the spectra as well.

Internal discharge tests can be divi_d into two classes, gene_ materials and spacecraft subsysw.ms. The
materials investigated for the internal discharge monitor an: examples of generic materials. Tests for Galileo and
other systems involved lie irradiation of small pieces of hardware -- relays, specif'_ cbcuit boards, small assemblies
of various kinds - in which the tests served to show the behavior of that particularcollection of things. Spacecraft

subsystem testsare very goodengineering tests, md grid to underline the generic guidelines. For example generic
tests show clearly llg dm-tgegof flying ungrotmckd areas of metal that are well insulaled by good dielectrics such as

circuitbemds.Specificsubsystemu_tsrevealedunlpcanled _ ageaswhich discharged.The advantageof
subsystem testing is of course that it shows not ot_tyif there is a discharge, but if that discharge makes my
difference to the opermitm of tbe subsystem. From a short term esqgineevbqgpeint of view, it may be perfectly MI
right for a diglm_ ,o occ_, ir it does not Mfect the olgamom _ the systm. _ ov_ long periods of time
may degra_ opet_tit_ or even lead to failme. Tafiqg mul_tcm by _ tendsto be expemi_, sothatm
m:o.tmm_ is b_ ___ Ge,,aic_ pm,._ t_ gem_m of c_, r_s. whi_
c_ thin I_ tramw evaJmm qm_,c hmdwmg w _ tlm it oumplies.

h dm_'4, ttm_ o¢_ 0miq c¢* xlgt_J _ it_i d.ca_W_ co_'¢guma_ _ _
w¢_ Immm*_ Tlm_ w_e _ chmm m tqm_t simmmu wi_ _e h_e _, simtimu
boum_ wid, _-m_l aglmm_ (cabl_ cqm:is0_ eg.), ml _mimu _x_e mml vohmes _ _

c_m mm_ _ ml my _ medmilul mml_. As ,m_. l_ed eqgim_q)aMmm is _ m
_ mhe_ _mse ina _ven s_m_L

6.5.3. Sinsle Event Upoet Testing

Rocemly mqgle-event up_t testing Im become aece_. A_ _ep_ we being talam to addre_ thi# i_m_.
de,gin are becoming k_ _cepti_ to ingle event upm_ Tbe work nq_oned in tbe IEEE conference each July
(md reported _nthe _k_embeg issue _f Trm_sac_i_ _ Nudear _iem:e) _c.schmadc_edtbe _ in _hism in
the last few yems.

Device sensitivity to single event upsets is generally believed m be dueto mh_charge genermedalongthe
pathahesvyiontake_tlmmghaseasitiveregioninad_vice. This was diacussed in chapter 4. Medemekcumics
has _mbined in a single chip many functions and ¢iemcn_ The_fore intelligent t_ting requires a cjcful
consider, qion of the device before tbe testing actually begim. This can begin with a stu_ of tbe device with tbe

c_ identifying the bistable elements in it which may be susceptible to upset. Once these elements are found.
_ and softwaze are needed to exegise tbeae ekmem_ in a test ,o detegmine tbeir state, so one can _ •

anSEU hasoccutyed,Ifpossible,itisf_axltoallowmdy mse SEU perngaswemem cycle.Thisdlows

determinationofthelocationoftheSEU asone regionmay bemoresensitivethananmber.Some experimenters

use a "gold"pellem that is sloe_d in an identical device with a reference paUem insudled to which the device under
t_st (DUT)isccmtimmlly compm'ed. Tbe _ for SEU testingis indicatedin Figure6-7. Key featmesof this
design we_ provision for vacuumand the turningof tbei_ts to d,e incidont beam mallow pmticle# to emer tbe
sau_ve regioe m J_e-eonnal incidcn_ Studies in wbkh the tempemue can be sckcted age also becoming
popular. Typkal dma is shown in_ form in f'qgu_ 6-8.



vacuum seal _'_ rotation mechanism

..,,tter l----_ t circuit board

, ' - device under test

mator

...... shutte II solid
r[ | state

( _ detector

:.:.:.:.:.:.:.:_......._.:.:.:':':':.:.:.:. I
scintillation foil

Fipr¢ (P?

Vacuum Chamber I Counter

disc_or

'nt'ne,
analyzer

Test_ Rkommulfi_ oatpmascd to moeko¢d¢ b:am dBringSEU
testing. SolidstatedlclcclmprovidesaccBr_ beamdiagnostics for setup. Shutter
commam_l in or out of Igam. Device undertest can be raised or lowered as well

asrotagd. _ undertestperfomumceis monitoredandccenparedto "goldchip"
(notexposedtobeam)
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I / !o° simplest approximation
c

cross_ection _ n

==

| _____,
LET times l_th length

l_m 6.8

Themlmamm_ q_m0nh m _ 0ant1Jadew _ wdl alnNglniomLEqmimccd aunl_ n-_
alM3ug_htnlxoq_hm advnncealnelmlUe am_lmedn_xlsmotdlcdw iDa__-m I_x,alndr_ ud na_dblew adq_ilx_
¢lowd iheeXll_B_m w abelinear m_lb a_llaber'-a" d nheac_imma"_1 i_ _ Swkal_ is _wa
inF_._e 6-9 e_aneadyGal_ tesL Some_ _he_ m_l_Sim_e am _heIbsenis lbehav_ aseR_ece.4by
n_in_ a pan kso_ w be smMUve 0o SEU. Vas/a_m m vell_e m ghe l_t Mlow e_m_eu d lhe d_,dM
asa_afvol_=. Omwoulde=pect_eL_shoklwbelm_rfarpsmaperamdIi_s_e, Thssk
tim 0es_Im _e laq_ pms_ity of messur_ Sl_L_s_. _msi _ideu_ If noae a_eolsmed, the usle _ _e
beamw_h _pe_ _ _heI_e _r _hechip is vaaied_oE_se _e "effe_ _ _ _ _ _ If
uO_s actor _ead_y, _e searchrat _e _h_d can_s b_ urns k_= LEt _Jes. h _ usu_ _r_mw
ob_n a c_s sec_ and a dneshoM for SEU evems so thl _e lm_mm csn pred_ _e _ SEU _ f_ _

lWticu_ minion. If pmsiblc it is h/ghly dea/ml_ w d_m_ m cic_ly m pros/hie theclinic coglectm
_ andthe"_midwevolume"asdeacn'bedindlmlmr4. hisincludesanesdmaleofd_ed_cknessofd_
_milive _li_, md I_ mmlm"d _ a_lim,s MmiwMMeke0me
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Figure6-9 Te.stFlow Diagram
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su3ion u fuocS{oo ¢Mf{he ¢mwgy k_ ¢_f_ i_i¢_ The upKl cx_6s seclion will be lhe nmnber of up_.Is per

km of _hepm_l_ is ioczm_d, _e pmicl_ cvou a k_hoid for upw,_ Abo_ _ dueshoM _e ulnm ra_
_ rapidly Imlil MI pmlicle8 cm depodL enoush dla]e Io cause up_(s. A, Ibis poinl, lhe cnlire _t_._ve are_ _

the device succuml_ m upsets m a limiling croa seclion called o. The LET _ureshold L0 occun when _e charge
deposi*ed equals _hecn_"""""'_lcharge, so _m_L0 may be combined wire an assmmedcollec_ _ (_ m __
mecriti_d_ Q= tot

Mea_memems _ cdd_d _at_ emble us m cempme _e sens_vi_y of various devices. This cann_ be
domeby _mpmi_ _ri_:al charges alone. Ira,cad. d_emmiUvi_ is sm,ed in ,ceres of up,e, rme in a re_en_ce
envimmm_ "l'neupue, sms_ivi,y can be calmlmed as a funcfim d _he _ end _e crid_l dmqle.

A full l_mS dM_*ea_alie_ is desiped m oboM an upuet_ seclion versus LET. Two key expedmenlM
pmumeZn me ahishLET (foreumlde -300MeV InrYlmmwiahanLET-35 MeVcm2/mS) c_ms_ _ _

dm_hoM LI_ f_ ,he e_e, e_ SlPd. If _ nm_ imixi_ bmm umd does nm mluce upae_ m an an_e up m _0_
from _e _, i, is mm_Id_ m amume ahe_ wireI_ _o Ulm_ in _ qmae.

mmmm_m m impmm_,,_ddJ__ amreal"rim_ _ mna_d_ (mmnn_nu_-_o_aq_m.minim.
nmm. gd cnm_) anmdahm _ dlmmm 1,gnmatomLI_ _ah_ Imm m. Bm:mu_ _nnm _mm_ i_ kqnh _

OlilUml_nmmimmk aua_i_m_ol_mm_ImamImmm mph_h_ m m aam_l_0 _Mm _wpE# m dn_pa_INndk:dm__

_m_:_ L_'ra_ m d0m fmnamd_ vav_m_d-'U_m aq_. ammadm_ aodm _a_

LET(d_oni_) - L_r('me)m:_O for O<_k_,_

IfacalculmiomofSISUm,m fora Imown mvimmmem isn_imed,thinbo_hI.ETahn_dd andhish_ _
wc_ieadm w mqmud.

The raN_ ofoneortwoMeV/amn heavyiotaisverysho_(afewB). so_e _ _ _ m a

va_mm aml I_ deviee lids me mmo_ed. In _ teat n_mlls for pails whe_ the sensitive volmne is benealh

ImSsivafiona_l o_her layers, i_ is impormm m am_oumf_ le e_ergy md LET changes _ha__ m _ m _
semi_ve vugume. Terns wkh panides whi_ stop hm_ bef_e _e sensifiwe volume are suspe_.

Suxli_ _ 0mperm_ vm_i_ a_ becom_ m km_ml pe_ o_SEU ,es_nS. Any__m

operale a*a leml_ rmme si_y Idgher d_m 20"C Mmuld.as a minimmn, compme _heeff_ _ _ f_
aseleclednumb_oflmm. AdiHerence mappliedldasdoeshavealwofoundeffeclem SEUreslmu_. For'soft

em_' ,ese_l. Imm a, a lowe_ l_.m are mo_ suscelm'Me m ul_et; for la_h_ _ _ _ _ _ Clock
ra*eshave a nmiceable (bin nm enmmous) effe_ m SEU trees. The pauem conf'qpunfion usuany does nm affect _e
SEU n_po_e excep_ occasimmny nero",he LET dweslm_

P_ou.,emsareamuightforwmrdvanmkm ofheavyion_ting.Usuallymuch higher fluxes sad fluences
internso_pmicles/cm_m _pumed inpro,on_,i_. unkssdmec,iomzatm bypm,m_ m me _ _ _
catue Ultra. In_me cases,protontestsalongthemostsemitivedirectio_aredesired,wh.hbeams _ _
rmqle Io c_s _he _mifive volume.

Om_e_hebeam mqmmmems il _heqqpmpda,e accx_smr have been sdecmd _r mee_ll ,he desnd _
objectives,itistimem muqplememthetest.The beam linefromtheinmdimionsourceiscoUimmed andalipedwith
avacum chDl_. IAmUy _he,estchamb_ isloca,ed_eam,dy(e41.,behindsldddlngwalls)fromabe

_,e_cmn,er md dmkneuy elecuonics.A zstboredmd abeam sc_ assemblyloca_dinthe
_ dhmmberare med m monimr aed alisn _e beam.

Tesl_s nmge 6-urnslow mmmMcoumi_ o_individml _ m solddsd_l compmer video displays
dlqMclMg_ Pmitmned accordinl Io d_r iocliem m I_ chip. CurrentsyslemswillhavemiIliseca_eleclnmic

rmetcqmbil_, avaek_yorproem confismmiem(e4_,_ aUones,an zeros),pmvisiom t,or,ming

sqmme sub,m or como_ _evices (e.g., flag regim_ I/0 _uches. eu:.), variable bias capebU_, _,_riabk:ck_
fm41ue_i_ c#c. Some ,os#s will Mso have _npamm_ o0nmol and automatic logging of bit flips and beam
Immne,ms.
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The test bc_ds are designed to holdseveraldevices_ test(DUTs), drivers, buffers, and delcc_n
elecu_ (e.g., • _sun test of a DUT response with that of an unin_aied reference device). The boards
mounted in such a way as to permit ranslational motion (selection of devices) and rotation (to change beam angle of
incidence) without requiring the vacuum in the chamber to be broken.

The beam dosimetry for the requisite low ion fluxes (103 to 106 ions/cm2/s) utilizes a scintillator to count

each ion. The beam may pass through a very thin (microns) foil whose thickness is chosen to give the proper light
amplitude to _ with the beam's LET, or it may pass through an annulus which permits part of the beam to
stream unimpeded onto the DUT while the outer portion is stopped by a thick scintillator. The light is then piped to
a photomultipliet"tube (PMT). A discriminator is used to reject all noise pulses and pass all pulses caused by th_
beams. Certain limits are imposed on the maximum beam intensity to prevent saturation of the PMT. In addition,
beam control will include procedures for measuring ion energy and establishing beam uniformity.

A nmnbelrof facilities have been used in SEU testing. Table 6-6 is a typical list. Usually tests with heavy
ions ane done f'gst and if necessury pinion tests follow.

Table 6-6. Test Facilities

Lecatiom Tyl_al lXan_l_

as" C3,ckamm o.c. _etey O, At, gr, 4 MeV/Nc
BEVELAC U.C. Beda_ Fe I GeV/muc
V_deGaff Calt_ He.O

Cyclomm NRL or U.C. Davis < 50 MeV pmmm mid nemmum
¢_Jeuem Halvml Urniv. 130 MeV pmmm
c_ _ u_. <2oo MeV immm
TRIUMPH Britis_ Coimm_ 4O0 MeV pmmm

Sw_ 60O MeV protons
SIN Switzerlmd 59O MeV
AGS test beam Bmokllav_ 4 GeV protons

Tests using radioactive Californium can also provide valuable insight into the sensitivity of parts 0teicr,
1986, Mapper et al., 1985, Blandford and Pickel, 1985, Stephen, 1984a,b). Californium tests take advantage of the
spectrum of high energy heavy ions re,,_lting from Californium's spontaneous fission.

6.S.4 How Mamy Tests Are Emough?

Since SEUs occur relatively ra_ly, it is important to understand the statistics involved in their
measmeme_ Te'_t time can be very expeasiveandthenumberof actual SEUs induced in the devices und_ test
(Ixfr) quite small. Statistical variations play an important role in setting the safety margin between the "average
device reqxm_" andthedesignpoint Vamtionscun becharacterizedby two classes.

I. The _ within the _ This is dne to the physics of the lmns and wneessing, etc. and
relr-_aentsa fundamental limit for the part and response. Safety margins can be smaller if the
po_dmion distribution is nan'owef.

2. The uncertaintyin our knowledge of the pupuindon distribution is due to the limits on the size of the
test sumpte.

Both variatinm me imponmt and play a role in determining the sampling phitosoph) of a program. For
example, limiting the population to a single manufacturer, a single code lot, or selected diffusic:- lots results in
distributions which one would expect to be well deleted with small standard deviations. This is why single buys
with careful screening age used in programs where high assurance is needed. Large sampling from such a controlled
distribution should result in the smallest variation from both the population distribution and the uncertainty in our
knowledge.
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Toestima_themeanmd standard_viationofa_,one makesaseriesofp,easurements.Based

on asrxiesofN _ts themean isesJmatedby

11=I
I

Mean= M=_ Y.x(n)
n=M

with a standard deviation estimated from

I1=1

variance= o2 I _ {M - x(n)} 2- N--!
n=N

Many times, especially in lexttmoks, the true popube_on is assumed to have the form of a normal distribution with

a IRcigly defined mere md vamace (minethe mmdml dk,vimion is tbe ilUme mot of _ m)

FogmbegsitmtimLmher_(e4g. e_Nmeml/ml,llmmm, Weil_l, eg.) maybemoee_. So
although mint eaaml_ mmme a mmml _ one akould remm dm for i which vioime tim
mmmtaZ_

6.$.$. _ Tc_s

TeJng f_ amfacedighwl_ md imemd diglml_ is beretdoneia ennju_C.on with mmdanl _ _q
md emlmm_ _ce md imemd _Ckmllm mlmmmt a qa_t'c w,mz e(radi_d m_ _ noise whi_ the
system must tolm_ in oe_r to pegfonn. Nmmal EMC Wocedun:ssuchm tho_ in the EMC hmdlxx_ shouldbe
foUowed, wbea s_tems or mtwlmen_ me temd tbey aeed to exeecm all of tbeir mod_ a_l sho_ _ __
sothattheu_tmop doesnm iaducemomaliestlm m_dd mt occ_ iathereal_.

Ideallymbeym_ testingisidenticaltothatofthenomud enviromnen_qualifkmon_'st:

(I) Subjectthespacecrafttoa_ecif'_lenvin_m_t thatk gl_._:ntativeofthatexpectedplusany
engineemgmargins.

(2) Haveadesignqualil'gationt_tsequencetlutexercisesallelementsofthehardwa_,_ _I_ _
thesystem.

(3) Est_ish a flight qualification and flight acceptance phiiosqphy.
Some programs have a SelWa_ qualifgation model which is tested to tbe fuUextentmd duratkmenvironmen_(t_us
margins),whilethefligh.thardwareisw,stedonlyIothefulllevelsbutnotm _ f_ _. Thisinsuresthe

designisadequate(thequalifgationtest)md thatthe__hip isadeqmteon theactualflighthagdwage(flight

acceptance).Inothercases,onlyonesetofhardwarewillbebuiltandonemustweighthedesirabilityofextensive

ground testing with the possibility of ove_-lesting m"stressing the flight hardware so that it faih in night. When
the_e is only one piece of tmdwa_e f_ beth qualifgatim md flight, the zst$ are w.fened to m pmtoflight tests.

Oenmay e,emive_ tuted _ (e_a if it mmh_t to be m_i_ed) has p=fonned beea ttm imdequa_ teued
hardware. One flight systems wogram mmag_ al JPL has comngngd tl_ be has neve_ seen a _t fail in

flight due to excessive ground lests, but he has seen qight failures due to inadequate ground lesling.
In s_ce. the flight spacecnft wilt be ekcuicaay isolated from ground and bombarded with ekcm_, io,,md

exUeme ullmviolet _ levels. Systee_ slmuid operate without upset _ this phase. Such an

environment could be simulated on the ground, but the costs in facilities, schedule. _ engineering would Ig high.
Tberefofe. spacecraf" _mging tests usually take the form of assessing unit of spacecraft immunity to electrical
discharge umsieau. The aplm3wiate discharge sources agebased on scparag estimates of discharge paranggvs
(location, dtwation, frequency, and amplitude).

Arc discharge tests are both simple to do and useful checks on the closure of the Faraday shicld de,sign.
Even in cases whege discharges are not expected to occur, radiated energy from poftable arc discharge simulators
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forboth the me_ slmet and the antem_ I the I_se of the antenna. Tbe discharge would then be assumed to short
out the metal sheet to ils ground, allowing currents to flow f_om the antenna struc_ to _ _ of _ anten_
withpossn,k couptingto _ main sparsest body.

Each region _ dischar_ mechanism needs to be evaluated individually. For example, one might begin by
estimating the calmcita_, C, of the region of c(mo_ using the surface area, dielectric thickness, and dielectric.
constant. If one then as._es the breakdown occu_ at:toss the thinnest part of the dielectric, the dielectric strength
of the material paovides an estimate of the breakdown volta_ (punch-through). In other cases, the _cakdown at an
edge (flashover) might be assumed. For an edge breakdown,rite htr.akclownof a vacuum might be more appropriate.
The total energy involved in the discha,-ge is estimated by

C_ 2
E = ---_--- (6- 6)

wbere C is the cqxitame and V is the voltage.
Ex_ in the lalxratory have determined that peak cunent i,athe discharge scales _ the _ _ of

tl_ m i_ol_l J tl= _ l=htho_ ditdmqlm _cf talk rise timm _ tlte onk, of ill dimm:e ore, which
the _ traveh crrvitkdby one thi_tlof the speed of light. Biowoff dischagg_ involve the _ to free
qmr,e aml vdocilka of a iimm ckll mt lbe mdm'eaptcltxl by elcc_ _ by tbe elocuic f-,_ldjul befog=

l"m _mitT mm _ in ttt=_ e._ddlti_ of diadta_ _ thatth=mm
ttlim _ ffomlm_ i_ _ tl_ _ mtm=. _ tim _ aiff=tm _ am _ in _
v_ _,,n 0!l_J) ItnveanmnannaimlaheirmulB _ meamm'edd_E;hm'lpa_m the_r_.A'n.am_ Aual
_r'n n_m _c_m_ _ 3s _ drt_ _it_ J I_,Oma,_c c_w_p_ _ _ _ Seineof
• =mmm_l _ d_li_ _ml_ _ =_==d_ k _am_ _rd_ im_ motor 0o_ M_ _ l_41
(MIL-STI)-I$41) t_timlams. Tl_im#iest_t mtlmki_g a0#Qtioaof Mn.-5"ro-ns4n mym__
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LIGHTNING 0.05 IJ.S 20 ps 17 kHz 650 kHz 50 kA 2 kA/kHz
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ESD 1 ns 150 ns ? b',_-Iz 300 MHz 5 A 1.5 AJMHz

ID 0.1 ns 10 ns 30MHz 3GHz 0.2A 4A/GHz

(after Mardiguian, 1985)

Figure 6-10. Typical Dischargcs



Sincea_ ofanykindiscaoq3medto• filchingstroke,Figure6-10(Mmliguiat,1985)campexes

theet_rlD,comentm afunction_ frequencyforseverale4themare_ _ includiqsurface_
intenddisclurp_

Michel_ (19SJjpointsoutthatamESD orsurfacedischargesimulatordoesmuch mon_dun _st

exploretheweaknesse4thesystemtostaticdischmles.He stales,"AlthoughtheESD testcam_ pretendtoreplace

theu'aditia_method,thewidebandfieldwhichflashesproduceallatoncerevealsmany ofthesameweakspotsthat
c_ EMI testsexldeee:

I.imp_otx_c_cuitboardla)nx_--poorormissingdecouplings,Ioq rum farfromtheirremm trace,etc.

2. mi._sing or iomc gn_und coamectiom
3. um_moaed oouas _ps ass pass_ caWcimces
4. in_ lermmalof cableshieldsstudimor comeclorboadinlj
5. shielddiz:_oatinuitics,e;c.

Even more, m ESD tess is usually very simple to run and is o_Icn ideally nsiled to field testing."
The MI)L,-STD-1541arcsomce isavailablei sevesMcommesciidveiaion8aladiseu_ made inaisE_

h canbei asaImeml EMC tool,m wda m k specificndace chaq_8 amdm0f diEumed bek_.

MiliurySmuJmd 1541(Mn.-STI_I_O0 _ m ic sousewhichisaommo_ real.The dmu_

md usmp _ exlmcled bum MK,-S'I_IMI m_ ipJqmued Ml_sm_ 5.1 i. Tke mc mm:e is emily
mmufacmedmdpovidmmueofdte__-----:-_:.=-::-, wamehteadisdmljeevem. Tlzm__
pmmeur fm abeMO.-S1'D-1541atemwce is0hediEh8_ voJmOe.The rbedine,pube u_deh,md falatimeat_

nineelm axmm. Treethdmlz volnOeism_J t'y_ k diad_ pp it, V mmm_7, k & mt_
0o_d_unpcqnc_r. "rl_wd_cmemmdataS_mTu_iR_m,dmse,,0kp_ 3"mpem_ mmedouee
_ tlea,'t_ hmplmmq tam, luunam manalhm co_a an a:h_aanacea.

MII-STD 1541 Test Configuration

0-600 VDC Power Supply

I kQ
I 0.11_F

6

500Q

signal generator tc

drive relay at one

pulse per second

Turn ratio of 100,

approximately 50 pF

distributed capacitance

Breakdown voltage is

determined by gap
between carbon

electrodes

Figure6-II MIL-STI_IMI TestConfiguration
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A flat-plle CalP_itoris usefulin several_ A fiat-plate capacitorcanbe usedto approximate
muhovmort_nvc_rsonthcm_b_nkcta_.as,can_ arget_or,o_0nductivcpaints.Thefiat-pratecapacitor
pamils • wk_slmad disrlmrge to simulate the physical path of ctment flow. "[his can be significant where cabling
or cin:uilry is near the area in question. Also, the large size of the capacitor acts as an antenna during discharge a,_l
thus preduces signifam radiated fields.

Seve__canbevxied: themea, the voitage on the plme. aml the dielectric thickness. These
affect the capacitmce, the discharge current,and the energy. The discharge voltage of the fiat plate can be ceamolled
by using• needlepointdiscl'.mrgegapat theplate's edge.calibratedto breakdownbefore thedielectric,or somesortof
switching ciguit. This also affects discharge energy.

RatI_ drambuild a capacitor using the spEecraft as one plate,regularcalxtcitors can be used to simulate the
dwge buildupin a givenarea,or regularcap_ilon canbe usedto sup_ _ c_ _ _ a _ _
arrangemem,However,some capacitocshavea hiBhinternalresisumceandwillnm providethefarorise5_ _

peakcunems.

Akhoqlhinnan_etheoccumace ofdischaqlesisarandm Imxess.Jestinga_qui_ _xacablemd

_(Igkm.-.- Switd_semalmaddevemNml_andonmmmdd_dm_r_insmnetmiag. The
typesd swilchesued in dimtmlle q rmlle from qmtk ilqm m _ A widlevariely of swilchesale
availal_miai,i""""'_e_cdim_wgeL A, lew_mmicemlEl_efmechaaical switchescanbeused. The
pmlMemwiehmectlmical swiL-hesis _heir"bounce."A horace e(ihe cema_ amy n_lm ia mx,-mifem pulses:in
mine camsnmer mm'_di_milm ..,_._be ilmem_ in a Ir_ millecemls. Mle_-wy-m_medsMtchas camMlevin_
_s immi_ mme_m.

"1_ l_STD-1541 a_c mwge m a Im co_ _tctifisg (SCR) to i_ the spattk_y m _
pim_ da _,-upm_em_r. TI_ciait is dmie,_ mimd,_ a highveim_ atm _ qak flapea the
,rmfom_s _. Thepp ,hmtmaksdmm.iaidafiq the_.

r_ hiO-vcdm_swighingia ak.a Wpmmle_ mu puiamldectmdesmabe reedasthediglm_ swi,ch.
11_ qm m idaml tmmd malt mlw md mljtmmlm thatd_ dimngg betw_xmdim, ccn:qxx_ m _ _
tm_ak)__, l_,_.dds_ist_dm_ I mWkV. l_ppM, mddbetmedandadjut*edbdoredg

A m ImMld R syalm, is rueful _,ut the Imadlndumn,vollqle is m be vagkMdwiqg the Ig_. O_ R is set
for the maimum digharge volu_ Mlowed aml luted; the agond galp is tben varied as the ,est _ Since tbe
igq_ _e in pmad m me _qh volmee,t_ b_dalo_,m vokm of me Wmm is _ by me lower
Im_dmm volm_ otrthe two gapt The f, tedpp actsasa sdety gappm,emi_ disclmrgesfrom_m_ling the
nmxinmm laesdulowa voltage desked. Calibrmed ps discharge tubes camalso be meal as the ._d'etygap. or wh_
mdy fnted Ixeakdown voilnges ase to be usnd in a ,est. Discharge tubes have faster rise times dramneedleTx_t
l_mkdow_ in air. and are very nWemalde. Their brge dimemiom make t_m beuer radiamr_of ekctmmagnetic
no_ mm mp,e airpps.

A dischaqge produces a wkle _ of radiated eletammagnc_ energy. I_ges from any source can
aHect the olgrmkm of a _L Disdtmge lubes or needlepoim gaps are effective in woducing a wide spectrum of
radio noise to ves_fy the immunity of a system to RF inte_er_nce md to check the susceptibility of scientific
insmmenla.

To simulate biowoff or fiashover evems,currentmumbe injected directly into locations on the spacecrafL
One way to do this is to use a point on the spacecraft as one electrode in the breakdown gap. When planning this
type of teat, the -pacecraft sud'age can be wmected by a_mq_orarymetallicfiUing at the location of the discharge
,est. This ._eatis mo,'e severe dum the radiated tcst, but bener s/mulales the actual currem injection at the discharge
poiaL _ on d'_-[clum palh used_x thedm:iml_ gap ibis t_?c of tests_mulau=an evenlwi_h places
cithur I_ cwnnl flow alxmt the slP_t or only fairly local cunents.

As _escfibed earlier, _ events can be simulated by metal plates of foil placed over the region of
concern. Using my of the metheds aheady discussed, the capacilor mnde up of the plate or foil as one side and the
spin:ccitt _s the ether is dischaqged and the resulting stnglmal curgents induced to verify the immunity of the
system. As with tests using the spacecraft as one eleclmde in a spmk gap, testswhich use the spacecraft as one plate
of a capacitor depend crucially on how the returncurrent flows. Causing that flow to traverse the entire length and
breadth of the spacecrah is very different from a test in which the returnpath is as short as possible and confines

currents to the mea local to the foil. A number of cunent paths need to be consickred and different paas of the
spacecraft system need to be tested. A too semo_ returnpath may overtest the system, while a too short and local

may undenest the system. Here again, a detailed undet_amSng of your system and ihe environment mum be
used to design and implem_ d_ let4.



For MlmmMclwging md local surface clmrlpmgconcemmsit occasiom,.lly is prudenl to expose Ibe m,d_yslem
o(com_em to _ cdleclrom directly or Io an onenrgelicplasma. Such ,,esls should be carefully designed no* to
ovenueu II_ subsyslem, not mallow the measurements of lhc anomalous behavicr lobe the cause of lhe
mmmMous bdwvior, and yet to provc rilesubsyslean will opcrme when exposed m the cnvmrmunenLFor example,
Leung md Robinson (1982) _ a number of Cmliko subsystems and components for internal charging effects. In
son_ cases. II_ insulin of _ testa_movoJ concerns which would have required considerable redesign effort.

Sy1_m level lesfing involves large crews of people, coslly facilities, a significant fraction of I_ funding.
and is Ibe f'nrsland last time the cnli_ sys_m is realistically exercised before launch. Syme_mlevel testing plrovides
the most tellable detamination of the expccgd pcgfomut_ _ a _ vehicle in the envimmnent.

For surfaeecha_ing concerns,dischargesm Ihe syslemlevelshoulddulPlicm_thecouplingpalm which will
be impemm in sl_ce. However, bolh inlenud dischaqles nnd SEU ICslsat Ihe system level are diff_ to _ _
cmy OuL Tben_fore, surface md jlemrml discharge seining mmyrequiee Imdmg on a nq_eaenlmk)a of u'_ slmcecraft
bef_ cxposing d_e flight spacecraft, to insure due there will be no inadvertent oversueming of fligll units.

A delMledle_ pl_ mu_ be devolclpedllml dd'mesle_ _ _ lestievol&taxi
Imrmmmsm__ Temwclmiqum_milllulml_immlvecum_flowimtheqmcecr_mmcm_ Tam
cm be cemdmedimaml_m emvimmuemm,bm Emm memm_k el_lmmqmmk dmmlx_ me m_nmmemded.MIL-
$TD-1541 sysmn _sl _ s_l radM_l _ _ _mg age _ m be a mmmll
s_iumve _m_.

Tke qmmmmllMmdd be imim_ Mm gm_dL .......... minebedeadcMly memed from d,e
¢m:lmlle tm mvimamm md mint te tamely ckmm m dm iamumem regptme tamt cemfu_ _ _
eeqmm_ The qmmmmdltm,dimmmmme_mi_Mkoddl_eml_me_pm_mamillpum,dlmlm. C0mlde,e
sps_sl,e_mm_ ako_ksmmaimm_ emmmim_,mm,_rpomii_mmmL Vonmeelmmm,mmm
_ E md il Mddd mmm monimr_ md odor _mer_ Mmdd be immiled m c_icd liocmiom. _mor din,
mo_d _e _ _ met o_c dmmks fer_ _ O_nmml_ md ome_mmmm_ kmm_m
a_d _ mm_ o_mo0v_ k e_pe_ fm _ m medi_m_m (_._0 Mnx_

TII_ iml imee_MmuldI_ delemm_ tSmmn_ lindlimi of di_ 1MJmmklrin dM__
emimmme_ emvi_mM.(1_4) m_mmd f_nlle_ ,mi_. wire,m mmlli_ formmmml, mllimmml, o_
quMificmionmodelsof _ TI_ _m mmmmm_ _ cmmm, harem mmi_m, Wmm,me.)me_
key sys_n respomsm dm we m be used m vMidmeimMhk_edbdmvior. Some _ _IEe,em levds for
fligitt hamNtmmto aveid _ mything, it cambe arlguedthat thenehave beea tame in-flight fMImea due to
insufl'_m 0es_ingammovenes_ing,aUhoughammu_ de_qm_ m_inggivesoneconf_ m_ _
lesseningfliglu-unit testing.

6..q..q.l. Test, Designed Specifically for SmrfKe Charging

Surfa_ dischari_ have been bod_mmnc m spmc_rah designers for a long enough peried m _ _
in_es _e being developed. Below is Ihe SeCliOaon _._ Icsling for mrface clmrging effect from Purvis et M.
(1984). Thisis foliowed by an abstract of the test actually dme on lNTELSAT Vl by Tuck_ (l_. ESAi_
currently can3_g out _ to vai;.dateits model reqmme to surface discharges (Granger and F4mm_, 1997).

"Spacecraft lesting is generally _ecfonned in the same fashion as unit testing;a westplan of Ihe following
_cmis typical:

"(i) TI_ MIL-STD-1541 rmlim_ ,cst is _plied mmmd I1_ _lirc _
"(2) Slmk cure,ms from I_ MIL-STD- IMI arc source m_ qqplied dm_u_ _pacecralk _ _

launch voldcle mmclmmempoims to _y Olqimsilecorners.
"(3) ESD _ me pNsed down u_elenlph of booms wi,h cabling round along them (e.g., sensor

booms of power booms). Noise pickup into cabling and circuit disruption me monitored.
"(4) Special lests me devised for special simations. For exampl¢, diekcuic regions such as quartz sccond-

surface mirrors, Kapton thermal blmkcts, and optical viewing windows should have ESD tests
applied on the basis of their predicted ESD charaacrisucs.

specccraft ESD testing configuration ideally simulates a 100 percent flight-like condiuon. This may
be difficu_l because of the following considea_ons:

"(1) Desire for ESD diagnostics in d_. spacecraft
"(2) Nonfuncdoning power system
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"(3) La_ mira,bout tmmd_ _ stmugnm m f_U_ gnmd
"(4) Co_md schedules m completelyIn_mble {he_ for the test md linerdimssembleit
"(S) Tbe_ Inqlecapaciumccml_owd _ d_ q_cec_t in its te_ fixm_
"(6) _D coupnnsontononnishttestcabling
"To oblmn more information about circuit reslmase dum can be obtained by telemetry, it is common to

measureinducedvoltagesdue to the ESD test sparks It key circuits.Ifimproperly imple:nented, the very wires that
accessthecircuitsandexitthesl_ceoafttotestequipment(e.g.,oscilloscopes)willactasantennasandshow noise
thatneverwouldbeWesentwithoutthosewires.

"Two alqm_hes have been used wilh some success.The first is using conventional oscilloscope wobes,
with great cage. Long mcillow.olg Wobes (3 m) wen: Wocur_ from Tektronix. For the circuits being mmitoml, a
small "lee" bw,akout connector was fabricated and klm:ftedat the connector nearest the circuit. Two oscilloscope
pmbea were mucked to each ciguit's active mKlreturn _ _I the probe tips were Ipounded m satellite structure in
tbe immediate vicinity of tbe breakout tee. Theim3t_gmunds wege less than 15cm from tbepmbe tip. Tbe signal
was measmed on • differential input of the oscilloscope. Before installation, the im_es were capacitively
compenm_ to their respeaive ceciUmccpe premnpl_gn, and it was venfted that their common-mode voltage
rejeclkxt wm mleqmte (in shogt nomud good _). Tbe two _ leads were twisted toged_r md muted along a
metal umctme imide tbe mteUi_ emil dtey coeld be mvted om of the main clmm _. They were then
muted (Iill ruder dtmmd Mmkets) Meall the smac_m to a lucatioa m mmme m lmm'ble ft_m my F_D _
lemim md fimay wae mined m meeEUlom_. ThemcUlow.opeswere_ frombuUding_ by
imb,_ _ c_dy. mis mined _m_, uai,m_ mdy • few ci,:ma.

"Ammmd minimale(mmi,edq ESD-indm:edmlqle waw,fm_mea intemMtin:trimit dw_*e of _-
_ _dmcmm_ vd_m m_ _ 0JW) _mk. I_ t.=.O_ cm _=_m_m,=d by
fit_ op_ m mmior _eiva devie_ whm k vem_ wa_mm is mxHmmM. Aswid, ilw _
laebea, Ihe nmmi_ devige mint be camfdly aNmhed to tke wires with ndnimal dilmtmace m _ _
TI_ filxg oi_ cd_ mm be mined m o( Ihe mldii_ with mkmmd_ The deficiency of i:lt a
mo_ m _ dl d_ _mlinl devke mmmI_ Imm_rypmumr_l,mm_l m. md _ m _ _
l_ro_ _ Imild_ md mumop=m,=ford=dmmionof d= ,=_. Tbene_l fa' l_mries md meId_ pow_
o0mmq_m _r Lr=DIIm_m_ lw_=l lldl lahml.

"Anod,_ pmpm_ w_ ,o d_in cinn_ n_or_e infonnmionis m pl_e pmlk-holdc_m_ m _ c_mts,
immUed m dmaked above. Thisn,ee_lismt ve_/merulbecame _e ealydam im_eld isthata_ _

voltageeccum_ Tlhe_eis noevidence dml ltteESD I_ amed it, md _ isr.o way m cemrdmedl volU_ w_th
my ol e(thetestsequeaces.Fora,mb/sisimqmes, suchi_rmmationisworthless.

"Sixgecrah ruing m_r ceUs er auclug power supplies oftm mint me suppm eqeipmem power mppg_
for ground tel activilies rod, thus, are not tolany isolated from ground. In str.h cases, I_ best wr_rlk-amundis to
use m i.qolatedmd beimced ontput power mpply with its wiges muted fo the spacecraft at a height above ,_mund m
avoid slray cal_cita_:e Io gmum_ The power wiresslmeldbe shicldcdto avoid piddng up stray radialedESD noise;
the shields should be iFmmded at the s,qpporlequipmem end of the cable only.

"To _ flight, the spacecraft should be isolated from ground. Normal test practice dictates m
excellent ommeaion to facilky ground. For the purposes of this test a temporary ground of 0.2 m 2 M£'Jor morc
will isolate the slmcecraf! fo,- the _ of die ESD lest. Generally, 0.2 Io 2 M_, is suff¢icnl 'grounding' for
speciaJ test cbcum$1aaces o(flimited durmion md cm be tolerated for the ESD test.

"Often testing is done in the most compact form possible,attempting to inz_leave several tasks at one time
or to pegfcmmtasks in parallel. This practiceis incempmiblewith the needsof ESD testingandmustbe avoided. A

tbennal vacuum test. for example, is cemfigured like the ESD test, but has numerous (nonflight) tlgnnoconple leads
i:tenel_Ung&Orethe inl_'kx"Io Iheexte_kx'of Ibeq:lEecnd'L TheSelemlsc_ acl m m_m_ a_l bringF__
raise imo meni_ _, wh=re it never",muldImvebeen.

"If straycapac_tmceto facifity grmmd is Wesem during the ESD lest, it will modify the flow of ESD
currents. F_r • better test the spacecraft Mmuldbe p_tysically isolated from facility ground. It can be shown Ihat
raising a 1.5-m-diangte_ spherical satellite 0.5 m off the test flooring reducesthestraycapacitancenearlyto that of
an isolated satellite in bee space. A dielect_ (e.g., wood) suplx_ smgtu_e can be fabricated f_ the ESD test and
will Wovide the necessary capacitive isolation.

"One method of reducing ESD coupling to and from the spacecraft on nonflight test wiring is the use of
ferrite beads on all such wiring."
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6.5.5.2. INTELSAT Vl Tests

On the INI-rJ_AT Vi spm:ecraft ['Tuda:_r.19871. bltay powered scnscgs, optical fiber links, and high
speed single shot recording equipment were combined with lumped element circuit models to (ksign a tcs_ simulating
surface discharges. The bandwidth or the qpticul link wassul_csl_l by the predictions of the lumpedelement
model. Optical links are required to avoid direct coupling _ the discharge energy into sensitive regions or the
spacecra/t via cables used only to instrument the tesL Sensors _ their optical transmiug=3were located at points of
intact about the spacecraft. The di_hatge source was chosen to be an 18.5 kV pulser with an effective capacitance
o1"60pic(Lmads, deliverin_ a 10 millijoule pulse. The pulser was placed at different k)cations to explore the
system's sensitivity to discharges. Over 166.000 pulses were injected into the INTELSAT flight model to _ the
design and validate the lumped element model o4"the spacecnfL The measured results agreed well with the
pn_Jictiom Gifthe lumped element model. The memtm_ responses at various locations have charact_risl_ which
indicate wbege disctuq_ are occuning, if v(dmge ,ml ctauau scmors were f',own on dg spececr_ analysis using
tbe lumped element model would be very useful in monitoring _ spacecraft health and _ to the environment.

The key to good tests is adequme modeling prior to testing. Adequau_modeling maximizes the information
obtained in testing, and asstwes the system that ove¢_nlg/stressiag will not occur.

in ap_lyinl i_ dim:hnrlleaoura,,.Fipre 6-12 car_ ne_kd Io be ui_n wlh 0heamha;hini|hiinl dDe
dischaqw,.(Air pip8 bwe bern reed f_ MIL-S'll)- iS41, butnqpeatabilityis sometimescmmdemJ a Im_lem.)
IW]'ELSAT VI ,eal_s cho_ inmml m me, IrisMaed _ A lailllltaed spmk pp was selected became _ its
short t_e tkne aml I_ed n_ity, la the _ im)ecmr,a high voka_ souge was umd to chaqle up a m pF

The eaergym dziscaw.itor wasd_ disdm_ed Ihtm_ a trigMawl qpmkpp Io the qm:ecrdL Wal,
tltistestm. dzedse lime olra typical disdmrseiaJe wm"/ m. The highwdlqe zscdia Ihe lem mqpl from 6
to 18 kV; Ibe bt_x_NJ me_D, rmqp_ m h_h 8s 20 ad. A simplified scbematic ot the Hughes INTELSAT VI mc
soum_ is shoum ill FtSqS_ 6-12. 6-13. Md 6-14.

INTELSAT Arc tester

0-600 VDC 1 kilohm _ 100 to 1

Adjustable resi sto r J 17 u coil

_ (50 pF
Supply distributed

m capacitance

pulse per

second trigger

generator

Figure6-12. IN'rELSAT Sous_



Direct Injection Test to Various Points on Spacecraft

0-600 VDC J relays ]"J 100 t° 1J_(50pFsupply J _ jl c°ildistributed

to

__"uls_ H control [[capacitance)

j per sec J"J discharg'-'I sign'' II °i
,

6 to 18.5 KV

_aG

GP-92

trigger

Filun_ 6-13. INllELSAT IV Tern

180 pF each

Murata

DHS-20-181

Figure6-14. INTELSAT VI Triggelr(altar Tucker, 1987)

6.5.5.3. Tests Designed Specirgilly for Internal Ckargin8

Sin=e internal dinging is a _ effect where it occurs and is small outside of the box, it is difficult to

provide a test which will produce large enough signals inside the box without overstw.ssing components outside the
box. F-o/"this reason most internal charging experiments me done at the subsystem level. Perhaps small controlled
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arc s)wces _ to test coeuol by f'dgr opucs and monitoa:d with fiber optic coupled sense c_rcuits will allow
accurate intcnud discharge _ts at a system level in the future.

6.6. A Final W,)rd

The analysis,tesOngandmonitoringneededIo eliminateinternaldischargingsurfacecharging/discharging
andsingleeventupsetcausedanomaliesis available. Therem¢ manydifferentapproacheswhichcanbe adaplcdto
eachprogram.
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Appendix

2
Giossary

A imlex

A dailyimlexof gcemagne_cac_vicyderivedasthe_ of abeeigt=:_hoqdya k_dic=_

a index

A 3-hourly "equivdem amplitude" index of local l_mag=¢_ _ivi_, "a" is rela=d to _h¢ 3-hourly K

index according w _h¢ following sca_

K 0 1 2 3 4 S 6 7 8 9

a 0 3 7 15 27 48 80 140 240 400

absorption

The dissipaUon of radio wave energy into heal. As a wave passesthrougl=an ion;zc_ m_ium, it forces fmc

electrons to oscillate (positive _ are much less mobile and can be ignored). Collisions with particles in

the medium convert wave energy into heat. In the k)nosldgm, this [xo(z_ is most effective at D region

a]tilades, where the product of free electron density attd collisional frequency is a maximum. (Also see
attenuatim.)

active regiom

A region on the sun where transient fe,-cmes (such as sunspots, plages, fdamems, and flares) are observed.

These features are cluLracterized by enhancements of the local solar magnetic field.

AE index

A gemnagnelic index of lhe auroral eleclm.je_ which measures lhe maximum nmge of excursion (both

posi_vc md neg_ve) from quiet levels; mememM m a given universal time by using _e combined dam

from a woddwide ring of high-lalimde nmgnelic observamdes. AU (A upper) eefefs to lhe gremesl posidve

devimion from Id_ quiet lime _fm'ence lind AL (A lower) to the most neg_ve. By de,finilicm AE= AU -

AL. AO refers to the mean of AU and AL: AO = I/2(AU + AL).

AFGWC

Air Force Giolml Were.her Cenwah d_e fmec_ cen_r opermed by the Ab Force m. Offuu AFB, Nebraska.

Itmonitms and forocastsbolhaunosphcricweatherand lhespacecnviror, m_c
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Alfvem wave

A transverse wave in magnetized plasma charactetOz_ by a chang_ _f direction of the magnetic fgld (rather

than a change of intensity). An Alfven wave travels with a speed CA(2) --- [B2/(4gmn)| !/2 where B is the

magnetic held strength, m is the mass of m ion (jw0ton in plasma of ionized hydrogen), and n is the

number density of ions (which in a singly ionized plasma equals the number density of electrons). The
Alfven number in a plasma moving at speed C is C/CA, the analog 3t"the Mach number in a neutral gas.

For average conditions in the solar wind, CA = 50 to 100 km/s. The bulk velocity of the solar wind

typically exceeds 300 km/s and is thus "superaifvenic," as well as supersonic.

angstrom

A unit of length equal to i x 10 -8 centimeters. Used chiefly to exwess short (optical) wavelengths.

anomalous propagation

The Wopagation of radio waves through the atmosphere along a path different from that expected as a result

ofthenormal4/3radianscurvaturecaus_ by standardtroposplw._refraction.Less bendingthannormal is

known asmb_fraction. More bendingthannomml includesmperrefraction,ducting,ortrapping.

Ap index

An ave_ planetary A index based on data from a set of specific stations. The oWtciai Ap index is
detexmined at the Insdtut furGeophysik at Gottingen, F.R.G.

ap,Ap

Indices that wovidea linear measure of the level of _ of the planetav/ genmagnetic field. Apisa

244murindex, andapisa3-1-,om'index. Both indices mnge from 0 to ,100. (Alsosee K, Kp, and Kin.)
Thefonowing, uiptive tem apptymbothapandAp:

Level:.

o-6 Quiet
7-14 Unsettled

15 - 29 Active

30-49 Mimr Storm

50 of higher Major Storm

apogee

The point on the path of an eaflh-otbiting satellite farthest from the earth. The general term for any planet
is apoapsis. A_ is the point in an orbit which is either farthest or closest to the center of attraction.

Aphelion isthefarthest point for comets from the sun.

Appleton anomaly

Two meas of enhanced F Region ekctget_ density centered at +20 and -20 ¢kOees geamagnetic latitude, and

extending in local time from noon to midnight. Their origin is a hodzontal _ of free electrons by

highaltitude winds,from which theelectronsarepmdueed over equatorial latitudes (by solar radiation) and

over auroral latitudes (by pa_clc precipitation).Also known as"subequamml ridges,"theyare

characterizedby stronghodmmal elecum deity gradientsand thusareasourceof"non-greatcircle

Wepagati¢_" They ate most distinctive near the equinoxes at average levels of geomagnetic activity.

During high geomagnetic activity the ridges lend to merge into a single ridge over the equator. Near the
sununer and winter solstices a single, broad ridge is found in the winter hemisphere midlafitndes, a

i_emntelmn called the "Winter Anomaly."

attenuation

This term includes all power losses experienced by a radio wave. Absorption is only one component of

attenuation. Other components include: free space loss due to beam spreading, beam focusing/defocusing
(for example power loss in a duct is small), scatter loss, etc. (Also see abso_.)

AU

Astronomical unic the mean eatlh-sun d/stance, 1.496 x 10 It melgrs (214.94 solar radfi).
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8urora
Sporadicradiantemissionfrom the upperatmosphereovermiddleandhigh lafiludcs. Precipitatingcharged
particles(¢lecuonsand, to a lesser©xlcm,protons)areguidedby theearth'sgcoma_ne_ field into the
higherlatitudes. Theseperficlescollidewith aUnostp_ricgases,which becomeexcitedor ionized. When
the atomsandmoleculesreturnto a normalenergyslate,electromagneticenergy(radio, infrared,visible,or
ulUavio_ radiation)is cmiuccLAurorasaremostinzcn_, andwc obsc_l furthestcqua_rwa_l, at timesof
geomagne storms.

auroral electrojet
An eleclri¢ curr_t thatflows in the auroralzone atE layeraltitudes. It is mostintenseduringgeomagnetic
disturbances, and ultimately owes its origin to a convective mouon of charged panicles in the magnetomil.

auroral oval

A roughly elliptical area in which aurora may be occurring at a particular time. The auroral activity is
generally most in,rise, and extends furthest _lumorwa_. in the midnight sector (sinc© U_ ixecipimting
palaces causmg aurora come from the malpmelo_l). An oval band around each geomagnetic pole ranging

frem adhere75 dog _ lmimde m local men m dbem 67 dog mmpetic imimde m midnisl_ undar
average condiziom, h is d_ locus of suucuz_ atoms md widen m Ix_ highex md Iowa Imimdes dudmg

expmmsmphaseof magne su mm 

auroral

A muwghlycintra Ixmd around eithex _Omalpme_ polrqover which mammi activity is mmz oh_m seen.
Tbe brad's cemm lies abom 23 dclpees of Imiu_ hem cbe ImCemagne_ pele. and Ins a wi_ of d_om 12
deWeex

Dunq a _ stonn, ulmivioletand x-ray aumndeng.,skis in the E Regk)ncam_:ame_ _
in the dectnum dmsity of the underlyimgD Region. Tbe n_sult is amincn_me in _ of radio signah
tmmim¢memmeraram. (Ahosee Daqim.)

amtmmmul eqthlox
Tbe equinox dm occurs in Seplemb_.

Barrel's rolaflom rummier

Tie serial number assigned to 27-day re_'_ periods of solar and geophysical _. Rmatim I in
this sequence was _ssigned arbilxa_ilyby Banci _ begin in Januap/1833. and the count has continued by
27-day inlcz_als m Ibe WcScnL (For example, mlalioe 2000 began on 12 Noveml_r 1979. rolazk_ 2030
on 30 Jmum3v 19_2.) The 27-day petind was selected empirically from the obs_, red recurmn_ o(
goomague_ activity attgibuted to _g fealmes on tl_ sun. The sun I_s a rotation pet_xl (as soen
from the emth) of 27.27 d_ys;therefore, solar Iongituck slowly drifts with respect to the Banel rate. Soim"
rmaticmserial numbers do no, coincide with Bmel rotation numbers b_cause of _his difference in rotation

gate and aho became the initial solar rolalion serial number was as-_igned(by Can ngton)tobeginon a
4iffenmt date..

bow shock

A colli_ggmless shock wave in front of the magne_q_o_ arising fn_m the interaction of the sulgrsonic
_¢olarwin_ with the earth's magnetic field.

bltterfly diagram
A plc/of observed suaslx_ I_mde versus _. This dialpmn, which resembles a i_ttcrfly, shows the
tendency of solar active regions to drift from high to low latitudes during a sunslx_ cycle.

C event

(See solarflare.) The least energetic type of solar flare, as defined by the pe_: x-ray emission nl_.rved in
the I-8 angstrom band. For a C event, peak emission is between !.0 and 9.9 x IO-3 ergs/cm2/sec. For
example, C5.3 means peak mission was 5.3 x 10-3 ergs/cm2/sec. (Also see M and X events.)
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c9 index
A dJb/indexof_ activity de_ved from the dmly Cp index. The index ranges from 0 to 9, 9
rcpue_nS "mast disturbed."

CarrinlltOn longitude

A syslem of fixed longitudes rotating wilh lhe sun. CmTingWn longitude is widely, but imprecisely used to
mean heliographic longitude. (,_ solarc_rdin_s.)

chromosphere

The layero(_ sob_ammsphceclymgbepN_n _ pho_sphe_ / _lc IransiUon mgkm and_e co_n_
The c_,,_r¢ _ n_ _M¢ m bSenakedeye. bm is d_¢source_ b_e_'ongest absoq_ lines in the
solar _dm including hydrogen i the H qmdK lines of cakium, and is lhe source _ lhc red
(chrow_um) color often seen around the rim of the moon during _ solm"eclipses.

comjull**.¢ points

Two paints on the em_h's surface at opposite ends ofa _ field line.

continuum steel (CTM)

smootldy with fsupamcy ova, awi_i____

convection

The bulk tmUlmfl e(_lasma (er gas) frmu (me place to mother, in jeqmese m mechmticat femes (_
eus_e, vis_m _ :mob w_ d,e sol_ w_I) or ,_am,_n_c _=.

coordimsled u_versad _ime

By _ _ _anau. meJoad runeat mepine medmm, wUicUproses mmu_ Gr_=mv_cU,

are_ _ nmtes,_ _ _ _h m_ i_. The time zone camu_ xt Gra=m_h
,m tucd_mie de_mux, o_ A md Z. EspecmiJyi, meniJlry c_mm_, coonmu,ed univmd rune_
often rdenmced as Z or _ time.

corona

Theomamoatt3_ro_mesoU__. A srca_ ex*_ ,eSiee o_Sowdauity andbish
_rm_, theccrou cx/far out imo i_ _, _ _

coronal bole

A regm _ _ _ i _ _ f_ I_ in _ _corom_ _ _ _ for sev_
mo_ i _'¢ a _ source _ _ _ _ _ _ sueams _ ne_ _ _. _suc_
• cy areck_e_ ceded ,o _¢ occummc¢_ necun'cm_omagn¢_ storms.

corpuscular r_tl
See "pmcuUte radUmm."

corrected 8eoeRsmetjc coordinates

Thespberk:al"p_magneticcoor_nme"sysu_ isbasedonapproximaungU,cea_h'sactual_ fieicl

by a _ dipole (lw masm=). A slish_ly beuer t'Jtwith the actual field is achieved if the diix_le axis _
_set from _ _'s cemer_ 14__ _ a _ m _ _,c _e_ (15_.
!_.9_. _, "ecc_di_" axis_ _ie., 81N,_W _ 75S, i_. _non-

coon_nme_)

cosmic _ n_
_ waves _ _ sounds.



¢osmk rays
Very highenergypankulau: radiationwhichpenneaes intermeilarspace. Cosmic raysare measuredat the
emlh's surfaceby a "Nctlmn Monitor,"an instrumentcalpobico( detectingsecoedaryneutronsproducedby
collisionsbetweencosmicraysandatmesplz_ gases."Galacticcosmicradiation"originmes outsidethe
solarsystem,and is modulatedby solaraclivity. During periodsof high solaractivity, taunting rateson
neutronmonitorsfall (imown asaFocbushdecn:ase),due to an increasein the shieldingeffect of the
disturbed solar wind and geomagnetic fidd. (See "rigidity" for n'_c explanatim m the sldckling of
pm_cles by a maanetic IteM, as well as Ihe discussion in chapter 2 on single particle moti_ and Stormer
orbits. "Solarcosmicrays"areproducedby the mostenergetic solarflares; in theseinstances,coundng
ratesonneutronmonitorsmeobservedto rise(knownas a "gr_nd level event').

Cp index
A daily index of geomagnetic activity obtained from the Ap index. The range of Cp is 0 m 2.5, 2.5
mp_eming me mintdistained.

critical frequency

"theIkailing radio fn:queacy below which radio waves are reflected by, and dxwe which lily peme_
_uugh, u ionized medium (inch as m _ byer) at vertical incidence. Aho known as the
"paamafa_."

CRRES
_ _ Rdm6onF/fern sa_lli0e.

cusp(s)
ht gkemmmee_e_ two _Skm mr mSmic localmm aadam_dma0e_ 15des of bait_,e
e_mem_ et k rank aad ekem mamuic i_s. The cu_ mm qhedivision _a p_mam_
fzld liaes omgke smmm_ side (which ale _ dipolar, but m_t _ by the m
wia_ ul the fieM liaes i me imlw cap nhat ale swela back into Ihe _ e)- !_ _ _
"c_- i_tm mnicd symmmy ammd me axis of _e I_me of _ (Nm_ i'_pheee) or
• N_S (Semem mmim_) r_ smt a mmi_ "crop"me "eke" ae oe_ md _.
Howe,. "clea"iamliesmeant e_tensm in longitude0oca] _ae) md hencea _ muc_

D relPkm (D later)
A dm,_meheT_rm _ _ _ dx_t.50md 90_ jd_tod_Dudq so_ ftm_ _ D
la,jermaybee/Imced amlIowemlby aa inuemed fluxof x-rayradiaionhem d_e_a. The D byeris
n_qmaadefmmomndiowaveabamptim. Majo_'_'evem_iclu_. shonwavefades(SWl_.
_,d _on__ (AZA),md po_ c,w_ 0'CA). Thesine phys_ moccsscauses_
dissil_fiom of radio wave eaeq_y in inchevent.However,the events differ by the soemce of Ihe kmizing
radiad_ location,andtime scale:

evem Some L,xa_ Y_ Scare

SWF Flare X-Rays Sunlit Hemisphere Tens of Minutes

AZA Electrons from the Magnetogail AuroralZones Hours

I_A Flare Protons Polar Caps Hours - Days

declination

(!) The 8nlpdar dislanc¢ of an _ Ix)d_ n(x;h (+) or soulh (-) of the celestial cquawr. (2)In
geomagnetic appikatims, _e angle between true north and the horizontal compon_t of _he local
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differential flux
Thediffegentialfluxj(E)denmesthenumbegofpmlidcs of enagy E per unit energy L_val, l_ unit are_
per unit time, per unit solid angle of observation, passing through an area lgqtendiculaf to the viewing
duection. It is approximately obtained from the count rate of a physical detector measurit_g the flttx of
particles between energy E and E + dE, geometric factor G, and solid angle of view dW through the
re_hip

C
j(E) = (G*dE*dW8dt)

where C is the number of detector counts in time dL This approximate definition assumes that the flux is

isotmpic, constant over the energy range of the detector dumel, and time-independent over the
accumulation time ca.

differential rotation
Refers to the vagia.Ctonof solar rotation rate with latitude. Low solar latitudes rotate faster (about 13 degrees

per day) than h_h tatituc_ (about t0 degn_ pa day).

dipole equator
The dipole er "dipequato¢' is definedby whe_ theemh's upaic fgld lines are inclh_d zerodegreesto
theeat_h's smfac_ Thc dip _ does not _ euctly to thc'f_mfftctic a_mor: sincethe dip
system inch_les local vwiations in the near earth magnetic fw,kL The dip p0ks, Imowa as the "lqogt_ or
South, Magnetic Poles fNMP, SMI_," me where mspetic f_kl lines we _ 90 degrees to Ihe _'s
surface.7k.y_a_distm_e f_mtbel_Mgaeticpe_. (Alsoseei_magn_caxtku_)

(dip NP) "7_ 101W
__a, 79N _OW

SMP (dip SP) 66,5 141E
Geomagnetic SP 79S I tOE

DMSP

Defense me_ satellite _. A series of high inclination, low altitude spacecraft designed to
monitor weather and the near earth space environment (especially in riteatmnl zones).

Doppler shift
A displacengnt in the observed frequency of a radiated signal caused by relative motion between an emitter
and a nxeiva.

DSCS

A mililary communications satellite.

Dst index
A geomagnetic index describing variations in the equatorial ring current. It is computed from the H-
comptments at appmxima_y foul nero-equatorial mations at hourly intervah. At s given time, the Dst
index is the average of a storm time vamtim ova all longitudes. An index of 50 is comkkmi signifgant,
md an index of 200 or mine is mscciated with mkkae-latitude aumnts. The refen:me level is dmsen to be

slatistkaUy zero on imentationaJly designated quiet day_

E region (E layer)
The ionosplg_ region between 90 kilometer altitude and about 120 to 140 kilometer. At night this layer
virtually disappears, except at auroral latitudes (where it is partially maintained by wecipitafing particles).

eccentric dipole
See "correctedgeomagneticcoordinates."

AT-_



ECEMP
Electron Caued Electnmmgn_ Pulse is a tma used to desm_e internal charging and siJw.ecraftcharging

di_hluges. It is sometimes used in the limited sense of dischazges on cables and circuit tmmds inside the
si mfc

ecliptic
The great circle made by the intersection of the plane of the earth's orbit with the celestial sphere. (Less

properly, the apparent path of the sun around the sky during the year.)

EDP

Electron density Wofile: the variation in the density of free electrons with altitude. It represents a vertical

sounding of the ionosphere.

electro jet
(i) Atm3ral"A current that flows in the ionosphere in the aunral zone driven by mag_
mnvection. (2) Equatoml: A thin electric currer,t layer in the ionosphere over the dip equator, driven by
the dynamic action of westward electron motion at about 100 to 115 km altitude.

EMI

EP

E_cuomtlue_ _.

EaalW : lamicledm ae Wmidedbya stoicsof I eeaatimarysaenites¢Veraedby the AirFame.
Electrons tanging from 30keY Io2 MeV, anti protons from 50key to 150 MeV, are measured.

ephemeris
An asumomical jdmm_ listingsolar_ and zhe_ of thesunandotba"heavady Ixxlies at
n ur inu ats Jntme.

equatorial elegtrojet
An _ elecu_ cunent at E relgionalfitudes (between 100 and 120 kikneters), cemen_ oveg the
"dipiJeequi_ ilzd ICillighlyIOdegre__in width, lt_ 0aivenbylheo%)_talnic aftioaoftdaytime
westward drift of free electrons aortas geomagnetic fgld lines.

equinox
One of the two ixMntsof intcu3ectk_nof thecelesmd equatorand theeclip_c. The sunpassesdmmgh _e
vernal equinox on about 21 March and through the autunmal equinox on about 22 Sel_mber.

erg

ESD

EUV

eV

The cgs unit of energy (i erg = 1 x 10-7 joule).

Electrostastic discharge (ESD) covers any tmmkdown. The "static"is misleading as a dischagge is hardly
static. ESD is used for everything from discharges produced when people contact metal objects after
crossing a wool rug to high voltage bt'eakdowns. ESDs need to be eliminated in the manufacturing as well
as the operation of spac.ecrafL This text deals only with ESD produced by env;J_ameJgtal charging, in the
manufacture of electronics, ESDs from the people assembling the parts due to charge buildup on their
bodies have been known to damage parts. The term ESD covers all of these effects.

See extreme ultraviolet.

Electron volL A unit of energy (1 eV= 1.602x lO'19joule). Thekinelic energy acquired byan eleclron
accelerated throughan electrical potential difference of one volt.

extraordinary mode
One of the two modes of propagation of electromagnetic waves in a magnetic plasma. For propa___ation
along the.direction of tie magnetic field, it is the mode for which the electric vector rotates in the same

sense that an electron gyrates about the field. For propagation perpendiculm"to the magnetic field, the
electric vector oscillates perpendicular to the primary magnetic field. (See also ordinary mode.)

A2-7



extreme ultraviolet

A portion d the d_-tmmagnctic spcc_um from apwoximalcly 100 to 1000 angSUron_in wsvcicngth.

extremely low frequency (ELF)
That _ of _c radio fr_luc_y spectrum from 30 to 3000 hcNT-

F layer trough
An m of depicted F region electron density often found in the night sector just equatorward of the auroral
oval. There is a particularly steep horizontal elm;Irondensity gradient between the trough and oval, which
causes"non-great-circlepropngation"andfocusingofradiowaves.

F region (F layer)
The _c region betweenabout 130 and roughly 1000 kilometer altitude. The F region is
respo_ble for most of the refraction suffer! by radio waves as they transit the _ P. is subdivided
into lhc F2 and the FI regitms. The F2 laym, is usually the densest (in terms of elcctmcJ density) r_]cm of
thei_ andpersiststhroughoutthenight.The Fl layar,oftenthoughtofasa ledgeinthe"electron

demiw profile" at the bottom of Ihe F layer, occurs only in daylighL

FIO.7
•ri_ sohr radio tim _mved at s _ of 10.7 cm (2800 MHz)by tl_ Omwa RadioObm'vmrY at
]_d_ 0rod uax0. _ndly m_aJ in'Jobr t3m miu" (! au= t x 10-" _).
Tbe _ dlbe 10.7 cm rmlio fin is clom_ Isociated widt embraced dumnal _ from "a_ivc

mlions" mmldms tl_ ovmdl Ic_ of sohr mivi_.

F10g bar
Tbe 90 dsy rmJq men vslue of the 170(E C_mws F!0.7.

filaasent

A ramsof_ highderek,k_ u_mmme ps _ la_ um_ _ ora_ Jow_r
cmlmaby_fidds, itisscenmarilkadJg_featnreMahutthesolardisk. (Alsosee
puninage.)

nare
(1)A suddeu,short-livedbriglumingofalocalizedregioninthesolar_ Flaresnemlyalways

o¢c_ in theN of m m regim, |rod_ re,rally only visible in mos_dw_utic lil_L "rk,y_
c_d _ to area(O,t_,4) andbn_ (F_S), _1_ by x-rayi_y (C_X). The
x-ray classif_tioe schemeis asfollows:

C event - The leastenergetictypeof solarflare,asdefinedby thepeak x-my emission observedin
the 1-8 angstrom band. For a C event, peak emission is between (1.0 and 9.9) x 10-3 etg/cm2/sec. For
example, C5.3 means peak emission was 5.3 x 10- 3 erg/cm2/sec.

M event- A moderate solar evem as defined by m x-ray bm3t with a peak emission between (!.0
and 9.9) x 10-2 erg/em2/sec.

X event - A major solar flare, as def'med by a_ x-ray burst with peak emission in excess of 1.0 x
10-1 etg/cm21sec. For example,X3.5 means the peak emisskm was 3.5 x 10-1 erg/cm21sec.

(2) A suddea eruption of energy on the solar disk lactlng minutes to hours, from which radiation and
pmliclesme emitted._ classificationisbasedon sizeatthelimeofmaximum brightness in H-alpha.
One square degree is equal to (!.214 x 104 kin)2 = 48.5 millionths of the visible solar hemisphere.

floence

T_n_ _pated nux.

flux

The amount of something (pm_ns, x-rays, radio energy, etc.) passing thrm_ a specified area in a given
time period.
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fmim

foe

foEs

foF2

"I'I_ _ _ _ _ by a vmics/i_d=_= (v]) iormsondc.It d_Is m the
_x_on density in the iomosp4he_(mosl_ D layer), ion(oom_ power md sensitivity, and the amount of
radio noi_. (AJso see LUF.)

"Cril_l f_queecy" (for theordinaryor "o"wave) of _c solar (ultraviolet)producedE laya'. It is the
highestfrequencyrcturaedby thatlayerat verticalincidence,andthus lxovicksa measureof thatlayar's
maximumelectrondensity.

"Critical frequency" (for theordinaryor "o"wave) of the sporadic E layer. It is the highest frequency
reflec_l by Ilmtlayer at vertical incidence, and thus depends on enhancements in the E layers electron
demity ,._med by non-solar sources (such as panicle precipimticm, wind shear, or meteor imizmim).

"Crilical frequemcy"(for Ihe mdin_ of "o"wave) of the F2 layer. It is the highest ordinary wave
Pobmmim fnxlua_ returned by thm byer at veni_ incklmce, and thus provides a measme _ thm 1ayes
muimum etecUen dmmity. (Abo see MUF.)

torbusk deereme

See comk rayt

Frauhofer speetrum

Ta sYmm d dmk tms dmem _ m k mkm and mum_ mmosphen_ mCenmqmmd m _e
coua_mous sd_ qmcUumL

gamma

A ma_mammic V=ndsuea_ 0 puma= ] x ]O'SSauss= Xnmmes_). Theavmap mrfacesuenSth

(IMF) is mqMy 6 x I0"$ gross(m-6 jmmma).

|guss

A mit ofaUllaelki_IE6onmined afterCarl_ Gains(1777-1855)who fnl devdopeda_

foraccuratelyde_sminingtheabsolutevalueofamagneticfiekLla1838Gaussexl_esseddteearth's
malpeticf_klinasphemk_hammoaicsem_es,thecoefficiemsefwhicharecalledGams _ IG=
10-4T.

geomagnetic coordimates

A systemc(s_ coordimales(gcom_ Imitudem_llongitude).The _ isbreedon

approximmingu_eacumlmagme6cfieldofthemmh byao:maed dipole(barnmgnet)field.The axisofthe

dipolepassesem_u_htheemh's center,butisinclineddram ildegn:esm u_eemh°s rotmimmlaxis.

Intmsection ¢ffthisaxis with lhe earth'ssurface defines lhe Gemnagne_ NoNh pek (at 78_, 110E).

(Aho seecemrected_ coordinmesanddip_ equmer.)

geomagmetic cutoff

The gcmnagnaic cutoff is a measme c_ _e rigi_ (see rigidity) requi;cd u)pcneumc u_ecrab's _

C_ddto the given location. The geomagnetic cutoff was Cmrstestimated by Stemmerin 1930 using a dipole
appmximmkm for the earth's nmgne6c fiekL Ik showed that dnccutoff, that is the rigidity, of a pmicle
exlemal Io the earth's _ fw.idrequin_ fer it Io a:ach the earth's surface at a given latitude and
Jmou,dewin:

rigidity = P =
6O

[, - ,/<,- co, co,3
[cos cos 7,.]2
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whege P is the ngklity in GeV/ec for Imsifive im_licles, r is the radial distance f_ _ _ _ in _

radii, ). is the latitude in dipole comdinates, and is the angle which the trajectory makes with magnetic

west.

geomagnetic elements

The compmtents of the geomagnetic field at the surface of the emth. These elements are usually denoted
thus in the litertluge:

X - the northward component

Y - the emtwagd component

Z - the vertical compme_, reckoned positive downward

H - the hcgizontal intensity of magnitude _/(X 2 + y2)

F - the total intensity N/(H 2 + Z 2)

I - the inclimtk_ (or DIP) angle, trot-1 (Z/I-I)

D - thedeclinationangle,tan-n (Y/X)

iiowev_, in SESC me, Ihe northwmd astd eastward cmnixatems me often called the H and D comitonen_

• dgge the D ctnpmtem is exWessed in pmmas md is derived from D (the declination ingle) using the

small aqk _ so that the D comigagnt = H (the amect hodzemal intensity) mulliplied by D

(ez dedimim taste. ¢apaased inn_mm).

leomagmtqk tM

The mqaelk field _ ia and ammd the emlh. Tire ktcmity of dinemagnetic fidd at the eat_'s

smface isaRamimmely 032 gainsattheequatormd 0.62puss atthenorthpale(theplace_ a

_ rode _ats _bj do_w_3. Thej_emSaeacfieldisdwmic anduneewgscmane'_
stow_lar dmq_ aswdlas_h_t-tmn_ (JeeSeemagne_mma). The_ field
can be _ by a dipok fgld, with the axis of the dipule offset to Ihe earth's mtatkmai _
Cgomagne_ dipoleninthisnear78.3N,69W (neagThule,Ggeenlmd).

IgeOmalgmeti¢ local time

Tnne as measmed in the geomagnetic coordinate system. Geomagnetic local time at a location is computed

from local midnight on the basis that 15 degrees of getmmgnetic longitude is ! hour of time.

geomagnetk storm

(1) A wklesTgead distmbance of kite geonmgnetic field. A storm is normally decreed as being in progress

when _ ap index is 30 or higher. A geomagnetic storm results when an enhanced stream of solar plasma

strikes the magnelo_l_, causing a disruption in various electric currents in the magneto_i. Sporadic

geomagnetic storms are caused by particle missions from solar flares and disappearing filaments (also

known as eruptive premix). Recun_t geomagnetic stmm_ are caused by discontinuities in the solar

wind associated with Solar Storm Bounda_s in the IMF, or high speed pankle streams from coronal holes.

In genend, recunem storms age weaker, show a slower onset, but last longer than spoaadic storms.

(2) A worldwide disturbance of the earth's magnetic field, distinct from regular diurnal vamtions. A strum

is precisely defined as occurring when the daily Ap index exceeds 29.

Minor _ storm: A siena for which lhe Ap index was grealer th_ 29 and less than 50.

Major geomagnetic storm: A storm fegwhich the Apindex was grealer than49and lessthan 100.

Severe geomagnetic storm: Astmm for which the Apindcx was 1O0or more.

Initial phase: Of a geomagnetic storm, that perkM when there may be an increase of lhe middle-

latitude horizomai intensity (it) (see geomagnetic elemems) at the surface of the earth. The initial phase

can last for horns (up to a day), but some storms weceed directly into the main phase without showing an

initial phase.
Main phase: Of a geomagnedc storm, that period when the hmizmlal magnetic fgld at middle

latitudes is generally decreasing, owing to the effects of an increasing westward-flowing magnetospheric
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tmlg cment. The northward _ can be dqxessed as much as sevend hundred ganunas in intense
storms. The main Idune can lint for hmn_ but typically lasts less tlum I day.

Recovery Idmse: Of a geomagnetic stem, that _ when tbe dewessed na_,ward field

comixmmt returns to normal I_veis. Recove_ is typically comple_ in one to two days, but can take
longer.

geosynchroaous
Any eq_ satellite with an o¢oital velocity equal to the rotational velocity of the earth, and thus a

of 23 hours, 56 minutes. Cgosynchnxx_ altitude is ne_ 6.6 earth radii from the earth's center (i.e.,
35,782 kilometers, 22,235 statute miles, or 19321 nautical miles, above the earth's surface). To also be
geostationmy, the satellite must satisfy the additional resuiction that its orbital inclination be exactly zero
degrees. The net effect is that a geostmicea_ satellite is virtually motionless with respect to an observer

on the groun_

GOES

GPS

C,eostatkxmy Operational Environmental Satellite: A series of satellites designed to monitor weather and

the ne_ emth space envin_ment. They IXovide obsavatkxts of energetic panicles and x-rays, and we
opemedby NOAA0¢xio_ Ocea_ andA_ Admi_tmion).

GI_I _ satellite.

Igradmal commemcememt
ThcccmmeKgmel da_ saxm that has no well-de/'med onset. (See also suddm
ccmmm_mmL)

grssulstiox
The tops of smslt s:sic convcctive cens, s_ in the sun's _, which sre n_kk fcf tlw

mmtkd aplgmn(g of thc sun as #ccn in _dtite light.

gromM level evmt (GLE)

imlxmam as indk:aims that a very enetge6c soiag lla_e has oecuned and a PCA event and geomagnctk: _
me alr.,_st certain to follow. (Also see cosmic rays.)

gro.. p speed
Tbespeed(vs) atwh_henergy(or infonumoncan_g sigmds)trave_ _ways tessmanmespeedof ns_

where cois the angtdar frequency, and k is the wave number ('2x over the,wavelenglh). F*ot"light waves, the

relalion between c0and k is

ck

n(k)

wbere n is the index of refraction and c is the speed of light. So,

(Also sccphasespeed. Wben th©_lcx of _.l'ra_on ck_ not depe_l on _ the phasevdo¢_y andfl_ group
velocity are the same numerical value.)
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H _ n_
An dmmlXdCmline located at 6563 angslnms in the red end of the visible elecm]enagnetic speclrum. Most
c_ features, such as solar times, are nomudly ebserved at this wavelength. (Also see
mmochmeu_ ngho

hertz

HF

A anit of fireq,m_cy equal m one cycle per sece, d.

High fn_ltgncy. The 3-30 MHz radio wave band. Normally used for long distance communication by
mfractim in the F region of the ienoqdt_ and reflection from the D layer in the ionosphere.

high-speed stream

A feature of the solar wind having velocities that ate about double the average solar wind values. The
densities ¢_ high-speed slreams are less tlm for average solar wind. High-speed streams are believed to
originate in coronal holes.

homologous Nares
Solar flares that occur repetitively in the same active region, with essentially the same position and with a
cemmm pmem of ¢k've_memt.

IAGA

IC

ID

IDM

IGRF

IMF

lammtmml Amctldm of Gemmgnet_m and _y.

hl,egraml cimdt.

la,em,l dudml_

Immml_ mini,or.

_ _ Itekn_e Vveld.

l_ary nmgneticfield. Themagnet_.r-,eldcarried with lhe solar wind. ThelMFmiginateswith lhe
scale _ magnetic fields found on rite sun's surface. (See Chapter 2 for furlher explmmtkm.)

integral flax

The integnd flux J(E) is literally the integral, with respect to E, of the differential flux j(E); hence its name.
It denotes the number of pmlkles of energy equal to or greator than Eper unit are& per unit solid angle, per
trait time, passing through an area perpendicular to the viewing direction. It is obtained by integrating the
differential flux with respect to energy, or, given a detector that counts all particles of energy equal tom.
greater than some threshold energy E, with geometric fagmr G and solid angle of view dW, it is obtained
from

C
J(>E) = (GdWdD

wbete C is the nundgr of coums in time dt.

inversion line
See neutral line.

ion-acoustic waves

LeQgimdinai waves in a plasma me similar to sound waves in a mmarai gas. Amplitudes of electron and ion
osr_illationsare not quite the same. and the resulting Coulomb repulsion Wovides the potential energy to
drive the waves.
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ioaosonde

An instrument used to produce a sounding of bee electron density in the imosphere. Short pulses are

transmitted, usually at vertical incidence (3/I), scanning in frequency from about I to 20 MHz over alxmt a

five minute cycle. Delay time between pulse transmission and echo reception is recorded as a function of

frequency. Such a plot is known as an ionogram. The ionogram can also be labelled with virtual height

and free electron density. Virtual height is the apparent altitude of reflection assuming pulses travel at light

speed. The group speed times half the delay time equals the virtual height. Free electron density (in #/cm 3)

is equal to the critical frequency (f0, in kilohertz) divided by nine, squared; i.e., Ne = (f0/9) 2.

ionosphere

That portion of the earth's upper atmosphere where ions and electrons are present in quantities sufficient to

affect the pcupagation of radio waves, Normally, the ionosphere extends down to about 50 kilometers
altitude, but at certain times and locations it reaches even lower. Variations of electron density with height

led to the subdivision of the ionosphere into the D, E, and F regions (or layers).

ionospheric storm

(!) A disturbance in the ionosptgre which may follow a geomagnetic storm. During an ionospheric storm

Ihe free eleclmn density in the F2 layer is typically enhanced for a few hours, then becomes depleted for up

to severM day_

(2) A distmbata:e in the F region of the _, which occurs in connection with geeamgnetic activity.

In general, these ate two phases of an immqdzdc storm, an initial ina-easein electron demity (the lmSit_
l_hase)lastinga few hems, followedby _ las_mga few days. At low laliMks only lhepositive

l:Imeissem.Indiviemlstmmcaalxquite vae_aadtheir behav_del_dsmSeemape_laiimde,

seasm,nod localtime.The phasesofaa_ strumam am coincidemwith,heinitialmd main

ptmes ofap_,aSmic smm.

IPP

_ peaetrmion point. The I|eoglalp_ic poim over which a radio wave passes _ an altitude of

350 kilometws while in tmmit between a gnxmd suuioa and a smelliw,

K, Kp,Km

A 3-horn" dimensimless qtasi-logariO_ic index ,hat provides a measme of the level of distmtmuce of the
gemtapetk field. Widmut a subsaript, the index refers w the deviation of the most _ Imrizemal

conqmnem relative to an assumed quiet day curve for Ihe mcor_ng site. The K index ranlga from 0 (very

quiet) to 9 (violently di_. The "p" subscript denotes a planmry, as opposed to a single station,

index. Kip is generatod in Gotlingen, West Germany, based on the K index from 12 or 13 stations

dimn]mt_ amend the world. The Kp index has been derived roufinely since 1932. GWCestimates Kpand

Ap indices using dala from six Noah American statka_. The Kp index ranges from 0° to 9°, with 27 one -

third unit sleps (0°, 0+, 1-, l °, 1+, 2-,etc.). (Also see ap, Ap.) Km is similar to Kp but based on amore

symmetric global array of stations.

Kelvin-llelmholtz instability

A mechanism often inveked to explain phenamena at the nm_ (and sometimes the plasnmtause),

especially the observed magnetic pulsations. The quasi-laminar flow of two magnetized plasmas on

opposite sides of the surface that divides them (forexample,themagneWpause) can developintotmbulent

fk:w within a few proton _i of the boanda_ if the number density and the relative velocity of the

two plasmas are high enough to meet certain conditions. The microinstabilities that develop within one

protm gymradim of the bomdafy trmsfer mcatattum atom the beundary, tbus giving rise to the
equivalent of • langonfial v_cous force. Meanwhile, _ turbulent celh "rolling" o(f the layer because of

this friction can be the source of circularly or elliptically polarized magnetic pulsatiot_.

LEO

LET

Low Earth orbit.

Linear energy transfer.
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limb

limb

lobes

LUF

TIz edp of thesolardisk ceneqxmd_ to the level at which ere solaratnmsphe_ becomes _ to
visible light.

darkening
For certain solar spectral lines, a lessening of the intensity of the line from the center to the limb caused by
the existence of a temperature gradient in the sun. At the centor we see to much deeper and hotter layers
than we do near the limb, where our li._e of sight enters the solar aunosphere at an oblique angle.

Two regions (necth and south) inside the magnetolail separated by the neulral sheet.

Lowest usable frequency. The lowest frequency that allows reliable long range I-IFradio communication b'!
ionospheric refractkm. It is a function of D redioe _.bsorption, transmitted power, receiver sensitivity, and
ether equipment

M event

(See _ flare.) A modemle solar event as defined by an x-my burst with a peak emission between (1.0 and
9.9) x 10-2 erg/cm2/sec. (Also see C andX e_nB.)

magnetic bay

A relalively smooth excursion of Ihe n (liodzcmlal) enmixment (see l_nagnefic elemems) of Ihe
leemalae_ field away born md _ to quiet levels. Bays je "pesidve" as H increases or "nepfive"
asHdmzme_

mallnetollrsm
A pim showiq the amplitude of me or more vector _ of a magnetic field vasus space or time.
Solar_ area _ _ of so_r mSne_ f_d suenSe_ a,d polity.

magnetometer
An imlmntem e_! to mm_l the m_glh md _ of fireImmMae_ field as eteerved m a lmticu_
poim on, or near, the emh's surfac_

magnetopause
The _ surface betwe_ _e sohr _nd (w_h _s _ m_neUtt magne6c fie_ md _e
earth's malgaetmplz_. At the megnetepame, the Wcssmc due to the magnetic field and pmicles of the
earth equds _e rmswe (magne_ _us pmic_) of _e so_ wind. Jnpn_iad terms._e magne_ f_
im_mre of the ea.qh equ_ Ihe pmk:le Wessme from the solar wind, as these are Ihe _ _s in _
relation.

magnetopause current sheet
An electric mwn_ sheet that mine or less coincides with Ihe magnetopause.

magnetoshcutk
The regimnbetween the bow shock and the nmgnempause. This n_joa is charactedzed by a very _t
plasma. Aioagg_eum-emhaxis, d_e magneteshe_ is about two emet radii thick. As the solar wind

through the bow shock on the day side, its velocity becomes subsonic. Along the flanks of the
malptempmlse it is suigzsmic.

malgnetotail

The imcfi_ of the nmgnemsphere in the anti-solar dkection, la the magnetmail, lennmgnelic field lia_ are
dnlwn out to g_eal dislances by the flow of the solar wind pint the eaNh. The nmgnelolaii is divided into
two lobes. In the noflh lobe, magnetic field lines ale _ towa_! ihe earth; while in ihe soalh _,
they are.digected away. These two lobes me separated by a _Aativcly narrow neutral plasmasheet of hot,
dense plasma. Hib',hcurrenlscan flowin thc plasma separating the two iobcs. This allows the magnetic
fieldto "reverse"in this region.
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Maunder

MeV

MHz

minimum
An approximately 70-year interval dung the lTth and lSth centuries when practically no sunspots were
observed on the sun.

Million el_-tron volts: A unit of energy (I MeV = 1.602 x 10-.3 joule).

Megahertz: A unit of frequency equal to a million cycles per second.

monochromatic light
Pertaining to a single wavelength or, more commonly, to a very narrow band of wavelengths.

MUF

Maximum usable frequency. The highest frequency that allows reliable long range I-IFradio
communication by imosplgric refraction. It depends on the of F'2 (of equivalently, the 1:2 region
maximumelectron density) at the control point md the angle of incidence with which a radio wave enters
the iono_. Ft_luencies higherthantheMUF donotsuffersuWtcient ionospheric refracUontobebent

back toward tbe earth, i.e., they are _.

multipath
Implies a radio wave spli_ and follows sevexai paths to a receiver. Since the paths may be of diffev_
kagths,theamvd timeandphaseviaeachpeerwitidiffer.Tberesukmaybe hamniUeatfatt_qgand/of
n_nfogmaa or the signal received.

NASA

Nmion_,_.mmi_ ma Sp_c A,ka_mUmimL

NASCAP

NASAOmq0affAaa_mg _msrmu.

mnCrml

A line sepmating solar magnetic fields of _ ix)iarity. Neutral line analysis of an aclive relgioa
lt_mtes is monte comptexkyand rue _iqg petontt_ _k_md l_,etsa n_te_ag tenn.."ge _
implies no mMnetic field. Usunlly a strong field iswesem, butit ispwallel to the sun's surface (a
tramveme field), ratherthan peqpendicular (a longitudinal field). A nmre accmate term fofa neutnd line is
an inversion line.

neutral point
A poim of meromagnetic rgld within me magn_otml of_ ea_.

neutral sheet
The _ sepmadng the nonbem and southern lobes in dte magnetomiL In mis region the magnetic
field _ in the magnetocaiL

neutron uniter

An inslnment used for wound breed dctnction of sggondafy neutron produced (hung collisions between
comic laYSand aunoq)be_ moic_uksof atoms.

NGDC

_tmd _ Dm Cm=.

mon_reat-circle preluqlmiom
Radio waves temi to _ along the shortest distance between two ix)ints on the eatlh, a gn_ _k
lWh. 14orizonlal gtadiems in imoq)tte_ ekctmn density will cause refraction in a hofizontal pbme,
resulting in nm.great.circle prolxqlmkm. Sung horizontalgradients are assccimed with the equmm'wmd
bound_ Orthe mm_ oval (especiaUy in the night sector), the subeqummial ridges, and the mnrise

tmninm_. (Also soe F taycr urough.)

NSSDC

National Space Science Data Center.
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ordJaar_ ("o") wave

The presence of the emh's magnetic item in the _ causes a linearly polarized radio wave to split
into two chculsrly _ components.Thesecom13x_cntsmmtc inopposite senses, an ordinary ('e')
andm _ ('x") wa_. The "o"wave deviateslessthat the "x" comix_e_t in I_ation
dwacteristics from what is expected in the absence of a magnetic field.

ordinary mode

One of the two modes of wopagafion of electromagnetic waves in a magnetic pn._ma. For propagation

along the direction of the magnetic field, it is the mode for which the electric vector rotates in the opposite

sense that an eleclrcst gyrates about the field. Fog iwopagation perpendicular to the magnetic rgld, the
electric vector oscillates parallel to the primary magnetic field. (See also extraordinary mode.)

particulate radiation

Radiation consisting of panicles, specifically atomic panicles such as Wotons (hydrogen nuclei), electrons,

neutrons, and alpha particles (helium nuclei). Also known as coqm_ular radiation.

PCA

Polar cap _ An anomalous condition of the polar ionosphere where HF and VHF (3-300 MHz)

radio waves ag absmlgd aml LF md VLF (3-300 kllz) radio wavez at_ _kctuJ at lower aaitadcs tlun

normal. PCAs geaendly are associated with majeg solar [late& PC,As begin a few horns after the event and

geach a maximum within a day or two of onset. Some energetic aolag flares umit streams of protons, which

cm lain dima acou= to the pol_ caps via cusps in the _ it.gh eae_ (numly 5 to 15 MeV)
pmmm will Peneuate m D layer ahitud_ before ceflkliag with _ i_as_ and causing an incgease

ia imizatim. "i_is imeme ia f_ee ekcuw ¢leWty comes a _ iac_eme ia atempaim of ItF

r_lio waves retailing the polar cal_ A PCA ev_t i$ defined by the amonm of ahtmptitm of ongmic radio

noiseat30 MHz seem by a rimneterat"I'mde,C_eeadaad. The PCA tha_mld isalmut2 dB of_ at

30 MHz for_ rod0.5 dB atnight.This tJwesboMallowsforadditionalimdzali_ causedby solar

uluaviole,radimion.InWactice,pcAs me takenmbesinmlumeouswithproteaevems.Trmspohrradio

Imths may be distadgd for days or weeks following a pmma event. (Also see D region.)

penumbra

The gray Imnion of a SUml_t that may smnmad lhe black umbr& h is the portion of a spot when:

magnetic fields me less intense, causing the temperame (and thus brighmess) of the smspot to be closer to
am of u_e overan p_otosOzfe.

perigee

The point in an orbit of closest aPwoadt to earth. A more general term used for any planet is periapsis.

perihelion

That point on the tobit of a sun-cxbiting Ix)dy nearest to the sun.

phase speed

The speed(vp) at whicha wavepatternmoves

For radio waves, vp = c/n, where c = speed of fight in a vacuum and n = index of refraction. In

matter, the plmse speed can be more than c, since it is essentially a nmhemak_ concept, not a physical

qum_ h_e Stoup _ee_ If _e Ome s_=d a_o depends on _e beqeency of a wave. ehe m, eri,_ is said m
be dispers/ve (fer exango_ lhe _ isad/spen/ve medium). (Also Jee group _ and _efracfion.)

photosphere

The visiblesurfaceof_hesun asseen b,whitelight;i,.isthelocmm,_ofsmupots.

pitch ansle

The anSle between the velocity vector of a charged particle and the directi_ of the ambient magnetic field.
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plage
Aregioninthesolarammspherewhen:chmnmeqplgricplasmaisconcentratedbyintensemagnetic fields.

Plages age denser, hotter, and brighter than the overall chionmsp_re. Nearly all flares occur in the vicinity

ofa I:_ge.

plasma

At:. ionized gas, i.e., a gas composed of ions and free electrons.

plasma frequency
The characteristic frequency of free plasma oscillations. An electron travels away from an ion un.til its

kinetic energ_ is overcome by the Coulomb attrition, and it falls back. The frequency of this oscillation
is given by f2__ 4xne2/m, where n is the local plasma density, • is the charge of an electron, and m is the

electron mass. See critical frequency.

plasma sheet

A sheet of hot (high energy), dense plasma running down the center of the magnetotail. The plasma sheet

normally remains beyond geesynchrono_ orbit, except when it is for,,ed inward during geomagnetic

dil_emc_ (AUo see mapetma.)

plasmaspbere

A n_giond coolOowenergy),datseplasmasunot_ng theearth.It may_ c4x_k_ anextatskxtof
the kmoqthete. IAketheiom3spJgre, it tends to comtme with theeanh. The inner Van Allen radiatioa belt

Iks Jnme idasmasplzre.

peter cap
Tbemealmk'wm_ oftbeammalovM wiminabem20 degn,'esof the gemugnetic poks. It is suscep_ibk
m dinect _ by high caeqD, solar pmticles deflected by our gemnaguetic field and guided in

ttm_ cuq_ la me mqaztmt_e_

polar ¢mqJe
Punnd4ike features in the magneu3sphem over the noomime sector of the msmal oval.

polarimeter

An instnmtcat used to measure the total electrum cmlcnt (TEC) along a path hetween a ground station and a

satellite equipped with a VHF beacon, preferably geostationmy.

polarization

The polarization of an electromagne_ wave is det'med as the plane of vitwak_ of its electric fiekL An

eloctmmagne_ wave is a _erse wave consisting o_ an electric and a magnetic fieM. The two fields

oscillate in plutse, but are _icular to each other and to the direction of propagation. Polarization is

defined in terms of rite electric field because the existence of point electric charges (and lack of point

m_gnetic charges) means the electric field will interact more strongly with mauer than will the magnetic
field.

pore
A very sw_ll sunspot without a penumbra.

prominence

A mass of n_latively high density, low temperature gas suspended in the upper chronmsplgre or the lower

comm by magnetic fields. It is seen as a bright, riblx_ike emission feature against the dark of space
above the soimr limb.

proton event

By defini:" .a_,the measurement of at least i0 pro4u_s/cm s stef at energies greater than 10 MeV, by the

primary SFSC geosynchronous satellite. (See polar cap absorption.)

proton flare

Any flare woducing significant fluxes of greater than 10 MeV protons in the vicinity of the earth.



pulsation
A rapid fluctumion of tlhcgeomagnetic fu:id having periods from a fraction ors second to le.nsof minutes
sndlss_nghom minunesmbom_ Tha_ are two main pattc¢,_ Pc (scm_uous. almos:sinusoidal
Palm). and Pi (ami_rcsulat pattern). Pubatioas occur at n_Bnctically quiet as well a_ distmbcd 5mcs.
PCSm'egrouped, _ececding to lheir physical md morphological _, into five categories:

I_I (periods0.2-5s)may occurinbursts(pearls),orinconsecutivegroupsofpulsationswith
_y de_as_ _qum_.

I_2(periods5-10s)do no,seemtobephysically_lalealtoPcl orPc3.

Pc3(W.dods10-45s)occurova awider_l_ oflatitudes.
Pc4(periods45-15()s)arealsoknown asPcIIofPc0.

Pc5 (periods150-600s) are sometimescalledgiant micropulsations.

Q, Qe
TheQindex isa 15 minule index ofl_magnetic activity intended for high lalimd¢ (aumrM) stations. Qis
the largcst deviation scaled from the umdistml_ level for Ih¢two horiz_mMcomponcnls.This differs from

II_K index,whichisscM_lfromI_ Imgcsandmivcdiffercncc.Tl_rmgeofQ isfrom0to II.The 15

IX_iodsare_ atHH.I]O,HH:I$,HH:30,andHH:45.The _ _ I_ _ in

gammasmd Q is givenbelow.

o dmmm.Cmmm_

0 <10
i 10to20
2 201040
3 40*o90
4 801o 140
5 14010240
6 240 to 400
7 400 to660
8 660101000
9 1013010 1500

I0 1500 m 2200
!! >2200

Qe-Q isaaindex med to specify the size of the atm3faloval. _ly, Q= 2Kp-0.35. Qeisan
eslimate of what lhe Q index would have to be to accotmt for lhe observed extem oJ"lhe amroralovM as seen
by DMSP optical m"puticle _nsors. Qe hinges from alxatt -4 to +12.

quiet day carve (QDC)

Especially incomectioe wireme compmems of me _ field (see_ elements), the
trace expecled in the absmce eLactivity. The K index md Q index are measun_ from deviations relative to
the QDC

rail

A unit of absod_d mdialiou dine, equal to lhe radiation that imlxms to lhe absod_ _ I00 ¢rgs of
energy per gnn.

radm" mWml

Rad_ returns n:fkcted by imizmim camed by pemcle precipiuuioa in or hem-the amw-_ ovM. The
sm:agmof hem, amu_ returnsis aqx_ dqx_dem.

r_lialiom belts

The tegioe o_"the n_gnetosp4tete roughly i.2 to 6 earth radii above the equator" in which charged panicles
(ekctmm with energies -0.1 to 500 MeV, and trace quantities of heavier ion) arc trapped by the
geomapelic field. The outer boundary is near the magnelopa_se on the sunward side (10 earth radii under

normal quiet conditions) and at about 6 earth radii on the nightside. The nightside boundary is ill-dcfincd



_ _ the _ of quasi-uapl_nl_ _g_:by _los that aro uupl:gd in tho outer I_U'tof the _lt

on rig sunward side, when _ by their drift motions to the nights_lle, can bcgong_temporarily untrapped.

radio burst

A sudden, transient enhancement of solar rad_ emission over background levels. Usually associated wilh

an active region or flare.

radio emissioa

Emission of the sun in radio wavelengths from cemimeters to decameters, under both quiet and disturbed
conditions. Some IXtUCrnS,known variously as noise storms, bursts, and sweeps, have been named as

described below. These types of emissions are subjectively rated on an importance scale of I to 3, 3

representing the most intense.

Type I. A noise storm conqlosed of many short, narrowband bursts in the metric range (300 - 50

MHz) of extremely variable intensity. The storm may last from several hours to several days.

Type II. Narrowhand emissiom dhmtbegins in the meta range (300 MHz) and sweeps slowly (_ns

of minutes) towanl decameter wavelengm8 (10 MHz). Type II emissions occur in loose association with

major flages and are indicative of a shock wave moving through the solar atmosphere.

TyI_ m. NamJwlmdburststlhXw,eepnq3io'ty(_comds)fnl dcgimezrto doc_ waveletqgtlB
(5(10-0.5 MHz). They often occur in iponps and are an (gcasional feature of complex solar active regiom.

TYlx_ IV. A smoolh continuum of _ Inmts wimarily in the meter ranlle (300 - 30 MHz).
These Ixma me msociated with mjor time evems beginning 10 to 20 minutes after the lime maximum,
and cm bst for horns.

RAM

ibltd_ acces mentmy.

Rayleillh-Tsylm" instability

A t_ted at tippb-I_ imtdx_ity that can _ on a surfsce snd _ sle_ iL This inms_ity is

reconaectioa

A pmcem, inqmmlant in systems of nmgnetized plasmas, by wh_h diffegently directed f_ld lines link up,

allowing tolmlngicM changes of the magnetic fgid to occur, degrmining patterns of plasma flow, and

resulting in cmvenkm of magnetic energy to kinetic and themml ene,_gyof the plasma. Reonnnection is
invoked to explain the aceeleamion of the plasmas that are observed in solar flares, magnetic sulmmmso and

eisewhege in the solar system.

refract_oa (iomospberic)

IonowInnic radio wave refraction is a change in the direction of propagation due to passing obliquely

dmmllh rig inll_face between two an_as of d/fretting fn_e electron clcmity (and thus index of refraction).

Since Ikg amonm of bending also deqpemlson the fn_que_ngyof the radio wave, Ihe ionosl_gte is said to be

di_e_ve. F_ a g/yen angle of incidmce, higheg frequencies age Ignt less than iowe_ frequencies.

retractiou (tropospherk)

T_ radio wave refraction is a change in the dbection of propagation due to passing obliquely

duough the integface between two an_as of differing Wessme, _, or mobtu_e commt. Since the

amount of bemdbqgdues not depend (to any signifgant dngree) on dg frequem_y of dg radio wave, dg

is said to be non-dispas/ve. Below the VHF band, the index of reffacti_ in air is very close to

that in s vacuum (i = !), and we can ignmc _ refraction cmnpmcd to _ refraction.

However, _ refraction dcaeases with increasing frequency. In dg VHF band,botharecomparable

in magnitude,: while in the UI_ and sulgr high frequency (SHF) bands, Irop_ refractice dominal_

relativistic

Particles with sufficient energy to move at speeds which are an appreciable fraction (10 pe_ent or more) of

the speed of lighL
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itEM

RF!

equivalent num. The dose of ieaizing radiation equal to the absorbed dose ie fads multiplied by
• e toed quality factor for the radiation cencemo£

Radio frequency interference. For example, interference caused by a solar radio bmsL

rigidity
A measure of how easily a panicle is deflected by a magneticfield. It is the momentum per unit cb,rge. In
gaussian units it is I_'Ze. If a particle of momentum p is directed towards a uniform magnetic field, its
equation of motion in Ihe plane perpendicular to the magnetic fiekl will be:

my2 Zevze of _
d - c(V x B) r cB

this is simply r = (pc/CZe)) * (i/B), that is, the penetrm_ of the particle into the magnetic field is
inversely _ to tbe mength of tbe magnetic field md directly _ to the momenuun per
unitchmgeinthepmembeses.Thatex.me m (pc/tT_ ))istenned rigidity pmicle. Us mgtbe
normal relativistic relmiomsbetween kinetic energy and total energy and momentum the rigidity cambe
expressed--

A
. .ty =

(Ze) "_(T2 + 2m0c2 T)

wbereTistbekineticencqWoftbe,'mr6clel)erunitmas,_.mdm.c2isllhemmitmassresteneqD ,. In
grand, the rigid_ i a moful cuncq_ wkea tke m_j_ gam: ea a prairie m _ _ f_ _ _
eqlmim of mmiem can be eXlm:ssed as tlk :L.'=_rme of chanSe of the rigidity be/ragtbe c_ssweduct or tbe
unit vector ia the dinx-fiomof_e rigidity andthe magneticf'gld.

The in_lgral iwotomspectrum of a flue can be _ as amexponential fmgti_ of rigidity
mtheg Ibm a _ function of energy. That;-

-P

,)(>P) : 4)0 exp." 0

where _0 is the total pmum fluence for the event (prmons per cm 2) and P is the rigidity. Po is a

characteristic of each individual flare. A typical number for P0 might be 100 MV.

ring current
A westward electric current that flows above the geomagnetic equator, it is located in the outer Van Allen
radiation belL The ring cmrent is produced by the drift (eastward for electrons and westw-mdfor Wotons) of
trapped charged pmicle_ This drift is superimposed on tbe spira|ing motion of pmicles as they trounce
between conjugate points. The ring current is greatly enhanced during geomagnetic storms by the injection
of hot plasma from the magnetotail.

riometer

ReLative_ opacity meter. A munitor usgd to record the streqth of high frequency cosmic radio
noise received at gnmnd level. A decrease in poncnr _ an incense in _ opacity or
absoq_m. Rimneters can detect sheet wave fade (SWF), auroralzcme absmlxion (AZA), md po;ar cap
al_socgxion (PCA) events. (Also see D region.)

RSTN

Radio _ Teksco_ Netwodk. The system of standardized, computer-comrolled solar radio telescopes
operated by the USAF. Standard frequencies monitored are 15400, 8800, 4995, 2695, 1415, 410, and 245
MHz. Additionally, a sweep frequency interfemmetric radiometer (SFIR) monitors the 25 to 75 MHz bard.

SCATHA



sw=xo=rtc_g athigh

scintillation

A rapid, random variation m amplitude and/or phase of an eleclmmngnetk signal (usually on a satellile
communication link). Scintillation effects tend to decrease with increasing frequency. Scintillation is
caused by abrupt variations in electron density an) where along the signal path, and is positively correlated
with "Spread F" and (Io a lesser degree) with "Sporadic E." Like Spread F and Sporadic E, it shows a clear
minimum in frequency of occurrence and intensity at mid-latitudes. At low latitudes, scintillation shows its
greatest range in intensity, with both the quietest and most severe of conditions being observed. At high
latitudes, its frequency and intensity are greatest in the aunnl oval, although it is also strong over the polar

caps.

SE Asian anomaly
See South Atlantic anomaly.

SEMCAP

Specification and Elecumnagnctic Compatibility Program.

SEON

SESC

SESS

SEU

SFIR

SFU

shock

SolarEkcuo-ept_ OteervingNetwork. An acronymfor the mmbiuedSOON-RSTN_
W ep=raed by eg Ar r-o_

sp=e r_nmment Ser_ce= Cent. The fmeum cemerep==ed by the Natiemt Oce=_ md _
A_r=_infim (NOAA) at lkml_. _. It is thecivilim coumapm of the SpEe ]Eavtmun,,',qM
Sqpon Bmu:k Ak"ForceOlobd Wemha"Ceea_ OffuttAFB, _

Space _ SUlqXXtS)rs_uL A bluket acmaym refemring to MI_ both milila_ amd
civilian, of the reaktime solar geophysical mouitming and forecasting network.

Single evem

Sweep frequency intetTerometricradiometer. An instrument used to mouitor solar radio emissions in tbe25
to 75 MHz bund. Radio buurstsin this band are woduced by pmlicle streams moving throngh tbe solar
corona. Type II and IV bursts we caused by proton streams, Type III and V bursts by elec_on streams, and
Type I bursts by trapped electrons.

Solar flux unit. A measure of emiued radio energy flux equal It)10-22watts/meter 2 hertz. It is the standard
unit for reporting solar radio background flux and bursts, notably F!03.

A discontinuity in l_ressure,density, and panicle velocity, propagating through a compressible fluid or
plasma.

short wave fade (SWF)
An abrupt _ of radio signal strength observed at freqncncies above a few megahertz over long
trmsmissicm paths in the sunlit hemisldtc*re. An SWF isdueto increased _ in the lower

iouoeqplteteas a result of incgased kmizatiun. The increased ionizalioa is caused by etdmr.ed x-my radiatiou
accompmying many solar flares. An SWF is one type of sudden icmosldg_ disturbance (SID). (Also see
D region.)

smoothed sunspot number

An avexagc of 13 monthly RI numbcrs, ccntcrcd on the month of concern. Thc Ist and 13th months are
given a weight of 0.5.
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solar constant
ThetoudradiamC=al_rcccivcd_lmically from the sun, per sqmre caainmcr pet unit of time, at a
position just omsi_ the crab's _ what tbe esrth is at its average distmce from the sun.
Radiation at all wavelengths from all parts of the solar disk is inc, udccL The solar constant's value is
aWxoximately 2.00 cal/cm2 rain = 1.37 kW/m2 - 1.37 x 106 erl_¢m2s, and varies by 0.1%.

solar coordinates

Specifications for a location on the solm"surface. The location ,af a specific feature on the.sun (for example,
a sam.Wo0 is complicated by tbe fact that there is a tih of 7° 15 beacon the ¢cliplic plane and the solar
equatorml plane, as well as a true wobble of the solar rotationa[ axis. (Only twice a year m'ethe solar north
pole and the celestial north pole ha apparent alignment.) Cons,xiuently, to specify a location on the solar
surface, three _ (p, BO,L0)m¢ us_ to def'mea grid. :Dvailyvalues for tbe coordinates at UT

(universal lime) arc listed in the Astronomical Almanac, publis,lr.d annually by the U.S. Naval
Olmervatory. The Icmas used to rcfa- Io the oao_inalcs m¢ d_f'vx:das follows:

P-Angle (or I_: TI_ positioa angl¢_ tbe geocentric north pole and the solar rotational
noflhpoie.mcasurcdcastwa_from__h. Tl_rang,.*inPis:Ir26.31 °.

_ _mdc d me_ml l_im _ mcwpama so_ di_ gso canedmeB-an_.
The nml_ of BOis-t-7.23*, coaectktg for the tilt of the ecliptic with n=pect m the _ _ _.

Eamp_ If (p_) = (-2621-,-6_s40),me_ lai_ of _ cmtr_ _ m mesobrm._kis-
6..540(tb=atomromimtd!_ is notvisitS) md the a,q_ betweena vmical ,o the_ _ _
_ dlh¢ math sdar minimal iml¢oom I,¢ diMtis 26.21° to tbc west.

!,o: ndJopapt_ kn_adcofmecemndlxiaoft_ammmsdard_. _kxqcmdcvdmu
deamnined w/ah n:_rcnce m a sysKm of fixed Joegii_ ram/aS m da: sm at a raa¢of 133°/day (_ _
ra_ of roikxt obsmved from cmlnd meaidian Immils of sumputs). Tim slmdmd mc=idim on Ibe smJis
dffmaJ robe d_ meridim dw pmmd dmmab dm ammdiq hock of du_sun's apm_ m i hmmy 1854 at
1200 Lrr md is calculatcd fm the lacsem day by msmmiag a mifmm sidc=ud paiod _ _ of _
days.

OuceP, BO,md LOa_ekaow_ deelalJuM_caauai mcskfian diaMacC,mad]loqF_udcof a spec_
solar fcalme cambe degtmined as foliow_

Latilmk. The mqgulm"distance fmm dg solm _, memm_ north or stmth almqg the _
Cemralmeridiandimasu_(CMD). The angular disama:ein so_ longitude measured from Ihe

c_mtralumridian. Thispositio_isrelativem Ibeviewfromcmlhandwillclmag¢asd_ suaromans;

therefore, this coordinate should not be confused with heliogmphic positions that ate fixed with nmpect to
the solar surface.

Longitude. The a_gular distance from a standard meridian (0 ° _ imgimde), measured
fromeasttowest(0°to360°)alongthesun'sequator,h iscompuledby combiningCMD withthe

longitude of the cenlrdl maidian at the time of the observation, inteapolating between _s values(for
0000 UT) by using the synodic ra_ of solar romtio_ (27.2753 days, 13.2 ° per day).

solar cosmic rays

High energy particulate radiation emitted by extremely energetic solar flares, l:_fencd rmngnclatm'e is
SPE. (Alsoseecosmicrays.)

solar cycle

The apwoxima,'_ly 1i-year quasi-pegiodic variation in fn_luency or number of solar active events. Examples
of featmcs or indices that show such vafiatio_ are the sunsl_ number, plages, flares, and the 2800-MHz
radio cmi_o_. The polarity paticm of the magnetic field shows an approximate 22-year variation.

solar flare
Sectla_.

solar maximum

The month(s) dining the solar cycle when the 12-month mean of monthly average sunspot numbers reaches
a maximum. The most recent solar maximum occurred in December 1979.
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mlar mimimum

momh(s)dung the_ cyclewhen the12-momh mean ofmmiLhlyaverage_ nmmbe_sreaches
a minimum..The most recent solar minimum occurred in June 1976.

solar rotation rate

(!) Synodic: 13.39°-2.7 ° sin2 • per day (4_= solar latitude).

(2) Sidereal: 14.38°-2.7 ° sin2 • perday. The difference between sidereal and synodic rates is the earth

orbital motion of 0.985 ° per day.

solar sector boundary (SSB)
Boundary between large scale unipolar magnetic regions on the sun's surf_.e. SSBs are the origin of sector
bcmndmies in the inlerpimetary magnetic field (IMF), which sepmatcs regions of olq3osite polarity (either
toward o¢ away from the sun). A sector boundary in the IMF is normally narrow, being convected past die
earth in minutes _ hours, compared to days m a week or so required for passage of the sector itself.

solar wind

An exteasim of Ihe sun's coro_ into _mry space. The solar wind is a low density (abom 8
Jom_cm3ilJ 8_ at ! AU) pimmae_iiagamaf mmic _eed (300- 900 lint/s) oulwwd
from the ran. Tbeae Immme,_ va_ amsideraMy wire mac, bm me consistem with gross chaff _-
neutrality. Theionic mmstitumts arechiclly proton with a small (-4%) _ edfMpha pmlkles. The
se_ wiMcmim wavemd demitysuucmr_md m anted_ _ maple fznd0Mi_.

SOON

seam0remiss 0pic_ Nemmk. A sysemofsundmmzed,cmpmur_ soam-opOc_r,nescopm
opmmed_ ,_. AirFoo.. "Vine_xs mecap_ or_ whiteUghtandHaq_a otservaeom.
Spemul_upt|icotsm,miomcamahobe made.mindudeobtainingmapme_nmsof individualauive
nq0mm.

South Atlantic anomaly
Lilac gheSE Aulamiemaly, a _gim of highly vm.ial_e F n_gim eleanm dmsity. The earth's actual
ma_mic t'ztdis bestammimaaedbya dipoleCmurma_) 5eknoasetfrommeemm'scema byabom
4S0 kilmnm_ lmvmxlthe lXa_m:Ochre. The _ field is t_mnetrk with respect to 1his eccena_
dipole, so the Mfia_ at which eme _ any given value of magnetic field strenglh will bea
minimmmm OVal" II_ Adafll_ and a inaximll_ over dlf l_ifl_. Th© It_;o]t is till Irapped paflid_ in Ihe

plamnasptz_e can mole easily be precipitated in these iocatims, increasing the degree of ionization at F

region_ (Alsoseeceerect_ Seomasmiccoordimes.)

spacecraft charging
A term which encompasses all of the charging effects on a spacecraft due to the environment in space.
Occasionally this term is used in a more limited sense of surface charging.

SPE

SPO

Solarparticleevent.

System Program OWnce.

sporadk E (gs)
Tmmient, localized _ of relatively high electron density occtwring at E layer alumdes. Sporadic E is
indepeadaal of Ihe n:gulw solar (ultraviolet) produced E layer. At high lalimdes, Es is related to the aum_
electmjet, is most common at night, and shows little seasonal dependence. At midlalitudes, Es is related Io
wind shear md meleor ionization, and is most common in the sunun_r daytime, At low lmimdes, Es is

related to the equatorial ciccL"Ojet,iSmO_commonduring thc daytime, and shows little seasonal
de_dm_.

spray
material ejected from a solar flare with suffictent velocity that much of it can escapc the

sun. (Also see surge.)
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spread

SSN

SaNe

STS

F

SmallscaleinJmmcgeneiliesinthefreeeleclrondensitygradientatF layeraltitudes.Two typesofspreadF

aseidemif_lmd namedaf_ _heir_ on vmicalincidem:eimmsrmm: fiequmcy_d rmge spn_l

F. Spread F is most common at high and low latitudes, with a clear minimum ia frequency of occ_
at the middle latitudes. It is wimarly a nighttime phenomenon.

Solar sunspot number. The Wolf, or relative, daily sunspot number (R) is an index for the degree of
spotfinesson thesun. It is based on the munber of sunspot groups (g) and individusi spots (s): R=k(10g
+ s). The k is a mbject/ve cegrection factor to allow for the difference in o;_ervatory equipment, observing
conditions, asgl observer ",endencies. Sunspot number is the most frequently used index for the general level
of solar activity.

Effective solar sunwot number. A daily index used by Air Force OlobM Weather Cemml as a measure of
the average state of the icnmplg_ with respect to _ climatology. Itisunre_ _o_ numberof

sunspotsvisibleon thesun.The largertheeffectiveSSN,thegn;alerthedegreeofovendlionizationinthe

ionos0_e.

SliceTmlsllmlm System.

subequatorial ridlges
SoeApp_m_.

substorm

sudden

sudden

sudden

sudden

A full cyck in aumal activity, from quiet to hiffMy acli_ to quiet _ Dming a sMMlmn, ammlls
ate at their bdgNest and the aureral oval widms md eagaals eqtmmwa_l. A leamagtgtic monn cm be
thought of as a sequence of Gne or rome mblmms typically 1-3 houss in duratina and _ by 2-3

F.ad_Rd_mo,moom_m_mW_m _ _N:mm ofdw_l_ p_mid_f,om _ _ im _ a_0.d
ovsi md thc dng cunenL The initinl mlmmm is caused by the mival of a shock from in the solar wind
(which may be the result of a solar sector bomuJary, high speed _ from a comeM hole, of a rams
ejectiott from a flare or disapSgat_ng fdament). Subsequent substcnns are produced by irregularities in the
post-s_c.kp_um. (Alsosee geomagne_storm.)

cosmic aoise absorption (SCNA)
A suddendecreasem thesignalmengthofcosmicradionoise.SCNA iscausedby increased D region
ionization due to enlumced x-ray radimion fro_ a solar flm'e. SCNA is one type of sudden _
dismurbance.

enhancement of atmospherics (SEA)
A sudden increase in the intensity of low frequency (LF) radio noise. SEAs we caused by improved D
region LF reflectivity, which accompanies enhanced ioni_tion produced by solar _ x-rays. As a result of
this imlrovedreflectivi,y,_ signals(mmspherics)ge_agd bydist_t thu_s arrive
with amplitudes greater than nomml. SEA is one type of sudden ionosplgric disturbance.

enhancement of signal (SES)
A sudden increase in the strength of very low frequency (VLF) signals from a dislant radio transmitter.
Signal enhm_.mm_m o(thistype are due m the same phenomcna as the s_kkn enhancement of
almosphe_s (SEA).

frequemcy deviation (SFD)
A small, abruptch_ge in the frequency of a high frequency OIF) radio wave received from a distant
_ilter. SFDs are caused by inct_casesin the F! and E _gions ionization resulting from enhanced solar

flare x-ray radiation. As the amoum of ionizatioft in the F! and E regions increases, the exact altitude from
which a particular radio wave is refracted lowers The chat:ging aldtude causes a Doppler shift in the
frequency of the received signal. SFDs are one type of sudden ionospheric disturbance, and the only one not
related to increased D region ionization.
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f_ldem _ disturbance (SID)

A Imv_ nxld_mim_m_ imthem_omt ofiomizmt_mJ _h_io_ (esl_ theD _) ov_ _
enti_e sunlit _ of the earth. $1Ds age cam_ by enhanced ulmwiolet ml/or x-ray _ emiued
chndngasoim'flme. SiDsiecludeanmnberofimmspheric effects: suddmcosmic noiseabsmptioa
(SCNA). suddeneadmmcanemof _ (SEA). suddenenhmcmnemof signal(SES). suddm
frequency deviation (SFD), sudden phase advance (SPA), and short wave fade (SWF).

sudden phase advance (SPA)
An Mmqptshift in d_ phwe of a low frequency radio signal received from a dislam _. So_" fla_
x-ray radiatiemcausesincreasedD region ionization, which in turn cause_an effective loweringof
ionospheric reflection heights. The resulting change in Ixlth length is responsible for a phase shift. SPA is
one type of sudden immsphe_ disurMnce.

sunspot cycle
A quas_-periodic varimion in the number ofsmtqmu. The cycle exhibits an averMe peg_ of II years, but
my he as shoN as 7 or as long as 17 yems.

sunspots
e_tiveJy dmt hagen m _ sok _. Sen m w_te lg_ d_ am,mrdmt t_ecmJeatey _
coo_ tJmmthe mnceaJing _ psex Sureqpouare_ by strongmagneticfiends.
w_, m mai_ pmpmmnm_ m me m_ smfa_ Sump_ aom_ cccugin umguetWa_ t_r
Iproulm.

surae

TRC

A mum of c|mummtJe_ Sm _gte_ ommmnt,ions mqnmic fidd nan, butwhic0,m_muaUynamm m
tlm_ (Aim meqny.)

Toml dm:l_m _m_L TI_ Immlmmmlberof f_n_de_mms M s _dl mm collummf_nm Ik Ipromd m a heiak

wddm_k'vdofpmk im,_mim. Commomb,mmm_byar-maday mumoa_. TnCmy
am beequivalemm,lh_EmM coluomeJecuomcomem _ overa m0ion, since tl_ _
mmmn_ Moq a Mul Im_ m a gmmmiommy mdli_ m_l m_mls oml_ Io doe d_x:mm dmmi_ bellow
about I000_

ultraviolet (UV)

That pint of the elecu_empmic spectrum between _0 md 4000 angsuoms.

umbra

The dark core in a sunspoL It is the portion of a sunspot where magnetic fields are most uttense, causing
the unnnpermu_m be cookst (about 3900 kelvin) compmM m the overall _ (6000 kelvin). (Also
s_ penumbra.)

Van Alleu radiation belts

_sr, emsp_eric_esionsof smb_yu-appedc_aq_edpardcks. Nem"_ ea_, _ _ t'_._ is sUons
and field lines are closed. Asa result, theene_assocht_ with magnetic fields domil_ l_micle I_

energy, and we find a regitm of stable I_ticle trapping. _ Ihe r_liafion bells, _he _ field is
w_l_r md f_cl lines am_mor_ distcnd_ o_ op_ md so I_lidl_ !_i1_ m_lty _ _ _ _.
The _ of imoms led m a divisio_ of _ _m of stable srappim_imo two be_ The inner Vm
Allen belt hesa nmximmn Wou)n density near 5000 kiJometevs altitude; it is pen of _ _ _
cormmmwi_ d_mn_. Imm'helt lwomnsme mos_ Mghenerl_ 0_V rm_) mxl_ fromthe
decayof _ u_uuonscremMdur/mgcollisionsbetween_osmic raysmd uppe__ imicle_
The outer Van AHembelt has a maximum proton density near 16,000--20,000 kilometers altitude.
belt _ age _wer energy (about 200 keV to I MeV) and come from the solar wind.

vertical height
See immsonde.
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vi imosrm
Vemli_l in_km_ immgmm. A plot o(critical ft_lumcy (or eqtdvalently, elecmm density) versus delay

rome(or_, ,kimde) obtainedby, vmicanmcidmce mmonde.

white light (WL)
St_kl _ ov_ the visibl_ po_tkm o( d_ sp_umn (4000-7(X)0 angstroms)sothai all colors arc
blendedto appearwhiteto _ eye. No signil'r.,amtcontributionfromany one spectralline (orclement
emitting right) _shnp_d.

white lilbt flare
A major _ in which small pa_ become visible in white lighL This rare continuum emission is caused
by emeggeticpmlicle beams boml_rding the lower solar _. Such flares are usually strong x-ray,
radio, md lmmicle emitters.

winter smomaly
F region electron densities in the w_m_rhemisphere middle Imitm_ (40 to 50 degrees) _ _ _ _
hugh as a factor of four over the smnmer _. The phenmnemmt is strongest neax sola¢ maximum,
md I-,mdlyne4iceablenero.solm.minimum. The mmmalyiscmmM by _c horizontalUramqlxm_ _
elecmm_ U_hd_mden,ds eromwhe,reky m producedCoyso_ mdimiou)ina_ _

Wolf renumber

AmhiJnmic tram forsmmpotmumlgg. Im1849. R. Wolf of Zmrichorigi_thelP_procedure for
compJ_ _hesmspmumber. Tm n_twd d summpotmumbendmthe begin hmscomimuedm thi_day.

X tqmmt

See IIm_ Amajarmlm.llm_,mdd'medl_am x-mylmmwithpmlkenissiom imeacessof 1.0x 10-1
For exsmpte, X3__memmmepelmissim, wm 3-_ x ]0 -I qs/cn_/sec.

x-ray flare dam
Rank,od"a r,ie baaedomm x-.mymlqD' ou_ Hms asedassif'ld _ sheonler _ _ _ d_elpeak
5umimemi_ (!) meal'ed at theemh inthe I m8aq_ I_nd as follows:

Pcsk Flux, ! Io 8 mq_om bmd

Class CmW/n_ Cmcrgs/cm_s)

B I< 10-6 I< I0-3

c m-_ <_i < ]0-5 ]o-3 <i < ]0.2

M 10-5 <_I < 10.4 10-2 <_.I < 10-1

X I >_10.4 I >_I0 -1

x-ray flare temimatiom
Tlg cm_eda for amsidet_mg m x-my evem to be teminated are as follow_

C]_sX evenuc Tennimmewhmevmt_tolessdmm 5 x I0-5 W/m2and mnmaimstable (see

below) forat least 4 amtimmm mimm_ or dlecaysto less than MI regaMless of stability.
_ass M events: Tennim_when evemdccays to less dmn L'_(5 x 10-6 W/m2) m'cvcm rcachcs

1_2pcMcamd rmnains slab_ for at 14rest4 minutes.
ClassC evem_ Terminate when event decays to i/2peak.

(Stable = ¢lmmgeof less than 0.1 unit _n4 minutes, when l-rain averages are used.)
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Zenmam ¢4tecl

TIw Im_ applied no the I_mvior d cram spcc_ lines in _ instate da _ _ _
l_r_y, d_ lines spl_ iIo _ne ot more componem of ¢_ polsdmio_ cin_ if me Iocsl
_mpu_ic f_Id is Imr_d to d_ li_ of sij_h_,md lin¢_ if _ field i# _ m _ _ _ _ The
momt of _ni_ is _ to the sa_ngth of tl_ f_kl.
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Appendix

3
Models and Committees

The Space Envimmuem, Anomaly,and_ Effect_ Commiuee (pmaomced semi) is amadboc
commimc¢d civilim amdDdD memCbeu_ _

1. Facilim_ ¢_ idm_'cmion of emvi_mmemmUyiuducedpmu_k_son s_c_crd_,
2. F._ _ m_ ma._ _ st_cec_ m_mm_m_qy c_ mo_ mt
3. enmm,c _ f_mumim d _ st_ecif_iem, md zt t_ocak_ fer me _y _e ¢mi_ sme.ai_

¢ommtalni_.

Cm.r_t monben fe Dr. L H. Ahem, Dr. Peter G. Comkley, Gaq, Heckam_ Dr. lack Qoimm,_ Ttmmmm_
Dr. William N. Hall, Dr. Paul R. Higlde, Dr. James I. Veue, Dr. Paul Robinson Jr., Dr. Jason Wilk,e_eld, LL CoL

George Davenport,LL Coicue de la Barr¢,N. John S_-vens,E. D. Zaffer/, andit. PruaL

A3.1. NASCAP Predictions -- Myrom Mamdell, S-Cubed, Sam Diego, CA

NASCAP (NASA Charging Analyzer Program) is a duec-dincr_Kmal compuler code which cambe used to

study electmslalJCcharging of spacecraft sufface¢ It was developed for NASA and the Air Force by the S-Cubed
Division of Maxwell Labomtori_

A3.1.1. Geometrical Modeling

NASCAP isalhree-dimemionall'mi¢elementcode.F'mileelementmeansthatthereme severalbasic

geometricalentitieswhichcanbecombinedIorepresenta geometrically complexobject.InthecaseofNASCAP,

©tcmemalvolumesm¢ mica m be cubesor specif¢ vambmmof cube¢ Elemems cmni_.sing u_esimcecr_ can be
descrilled io _ of tribes,_Nxlfla, cylkKJars,amdodt_ dml_ Close Io le suda¢ of a uldUlc, IIwn_ll'_ion is

typically on Ihe ocder of len cemimme_ Typical simcecrah dimemions me on eke eeder of a few mezes, studIhe
elecuosu_cshemhenvelcpi_a_ slmcecs_may be_ forseveralslmcecm/tradii-In omd_rm lcep
compmersmmse n_mmm andnmnmgu_me_ snudl,an appm_ of nes_ recmngu_rgrids wm
developedforNASCAP inwhichtheinnerregionhashighresolution(sayI0cemime_::s)andtheouterregionmy

beaslargeasrequiredIoincludeenoughspacetoadequalelyn_.sem thesheath,aswellastoindudelongbooms

whichmay extendfromthespacecrafLNASC/W accomplishesIbisby successivenestedgridregions.The

spacecraftmodelmustfitwithintheinner(mostdelailed)gridboundary,exceptthatthinboomsmay extendalong
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Figure A3-1. NASCAP Sa_iw Examp_

gridlinesintothe_ grids.FigureA3-1 illusumea the complexity of gcom¢_ possilde using mesc teclmiqucs.
IndusF'qlur_ n_mmbly ¢omldex communications sa_ilims are po_myod.

A3.I_ Material Properties Used in Modeling

NASC.Affs _ modcliq allows a r_cc-dimemio_ spacecraftnqxcsenmtionwheremesurface
mmurUlscan vary ov_ _hesmfa_ _ dine_ The mau_ pml_rt_ will h_p deumume_hec_rl_ suu_c_
e,chnn'[,cem rod.thce.fore._ clinicsmc of_ c_re smelli_.Ammg d_emac.dM pmlra'ti_usedI_

NASCAP are smxmdJ_ emission functim_ and bulk and surface electrical co_ucdvities.
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A3.1.3 Cskvlatioms

NASCAP calculalionsproceed in a seriesoil"ti_. During each tin'---=;_lepthenetcunem toeach sm'facc

cellmd theeesultantvolmse iscalculated.First,thecummin tod_esurfacearecMculamd lmsedon thepotemial

distrilmdcmon and abouttheqmcecraftfrom theprevioustimesiep.Then, dm chargestmeso(thesurfacesand

surroundingspaceme calculatedfrom dm potentialsofthesurfacesand thechargingcunems. Finally,thepotentials

areupdmedtmsedon me chasge_ a,dme boundm_ _ (ctm_ stateo_me spacec_t).An

processes_reassumedquasi-staticduringatimesmp,i.e.,idasmawaveeHecm areipmed. The usermay performa
simulationwishshortumes,eps(miUisecoodstoabom asecond)m o4_n accummcha_ dynmnics, or with long

timesteqps(asecond toa minui¢)toachievesseadystateina minimum number oftimesteps.

Calculatioes may be done for Nta,xwcltgan, double Maxwellinn, or din_dy _ dam represesumg the slmc_

plasma environmenl_ or for _ envif_mmcms coosisdngof cieclmn md ion beams. Noemally, the high

energy peneu-aling elecuues are not repres_led in NASCAP, which has no devils on _ m_ _ _ _

spacecrafL _ charging is usually _ oedsk:lieo(NASCAF.

NASCAP pcediclionsof a spacecraft(FigureA3-3) in eclipse suddenlyencounteringa mastic

substonn show absolutepotentialsofabout tenkilovolts,developingon thesurfaceof thesalellileinaboutone

sccond. FigureA3-2 shows thespacecraftpotcmialand currentasa funclionoftime. Here we have assumed a
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Figure A3-3. Simple Spacecraft Configuration Assumed

Maxwcllian environment with electron tempcrature and density of 15 keV and 0.7 per cm 3, and ion temperature and
density of 20 kcV and 0.6 per cm 3. If we were to continue this calculation for several minutes, we would see

differential charging develop on the spacecraft due to the presence of different surface materials.

During sunlight, in the same environment, a potential difference of a few kilovolts builds up between the
sunlit and shaded pections of the spacecraft over a period of several minutes. Figure A3-4 shows the minimum and

maximum l_hentials on the spacecraft surface as a function of time. While this calculation was done for a stationary

spacecraft, the same type of c,harging will also take place on a spinning sffacccraft, since such satellites normally
have some surfaces which are always shaded. Figure A3-5 shows the potential distributions in space about the
spacecraft for the above two calculations.

A3.1.4. NASCAP Conclusion

The NASCAP code is useful for predicting the nature and magnitude of electrostatic charging on a spacecraft
due to plasma effects. This information should be used to minimize the likelihood and/or effect of electrostatic

discharges. NASCAP can also be u3ed to determine the effect of charging on science instruments attempting to
measure the plasma environment. NASCAP will be particularly useful in positioning instruments where there is

minimum perturbation of the environment which the instrument is trying to measure.
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NASCAP can be oblained by contacting NASA/Lewis Rcsearch Cemer, or the S-Cubed Division of
Maxwell Laboratories.

A3.2. Environmental Models

A3.2.1. NASA

In 1964, a program, joindy spm.ux_ by NASA and the USAF, was begun at The Aerospace Corporation
for the express purpose of constructing model environments of geomagnelically trapped particles. This work was

under the directkm of Dr. James I. Vette. The first model enviromnent was published in 1966 (Vette, 1966),

Volume I, Inner Zone Protons and Electrons. This miual model covered protons in the energy range 5 MeV to 300

MeV, divided into four energy bands, and electrons with energies ranging from 0.3 MeV to 7.0 MeV. These maps

were labeled API, AP2, AP3, and AP4 for protons and AEI for electrons. The letter 'A" stood for aerospace, "P"

for protons and "e" for elecuons. This nomenclature has continued over the years even though the work was

transferred to NASA's Goddard Space Flight Center around 1967. Subsequent models and/or updates of models were



published under the NASA SP-3024 format up through Volume VII, dated 1971. Since that time, the models have
boca imblishcd under thc cover of the National Space Science Dam Ccnter (NSSDC), but sequentially numbered up

thnmgh cun_mt models AP8 aml AES.

A3.2.2. AP$

The proton model APS, Trapped Proton Envirom_sent for Solar Maximum and Solar Mimwnum, is, and has

been, the scientific community accepted pfotcm model since it was first published in December 1976, as NSSDC
76-06. The propose of this dueun_nt is to provide a new computer-accessible mcxlcl of the stably trapped proton

flux with energies between 0.1 and 400 McV.
The _ fro- Ibis new model arose from two main factors, l:'uslk to cov_ this approx_mte energy range, it

was previously neccssacy to use the fore"sepmate models designaled API, A]_, .M_6, and Air/. Each of these

models was daived indupasdcndy, and this resulted in significant discontinuities in I_ energy spectra. Second, new

dam had became availabletlm indicmedaneed forimlm_emem intheeadiermodels in certain regions of space.
Pmkulady mefel ia dds effort w_e tl_e dm set# from dte OV3-3 md Az_ lellite_

Bec_mse most of the dram used in f_na'aling AP8 w_c m:quis_l motmd the sower minimum _ 1964, this

vcrdon is dedllmzd APSM_, elmdt 1964. APSMAX diffen from APSI_Dq only for Mlitmlm less fllmn about
1000 lure and for L vMu_ iem lima 3.0 Ea_ radii.

A&2.3. AE4, AES, AE_ AET, and AEJI

The AFA medei d rite em_ mlimim mine dectma emimnmem wm imMidted in 1972 (N.._DC "r2-o6).
TheinaerzoaeelectrmmodeJ, AE5 was also imldist_ in 1972 (NSSDc'r2-10). Bolh _llbe_ mod_ w¢_ for

sola¢ maximum lime pesimk A model oflheImpped ekctma pelmlJea foesel_ minimum, both bmef aml outer

zincs, was pd_tW_ in i_4 _ 74-o3).
In May 1976,NASA pubihhcd rite AE6 elecmm model (NSSDC 76-04). This model was _ to

_ mimatm of miadoe fluzes ttm sim:a:s_ woekl eamunter ia she 19e0 antra"minimum time paiod md is
aninner macoalymodcl, lnthept_vio_solar maximmn model, AE5,forthecpech 1967,thc inner zonccicctma

fluxes cemained a _ comribmioa from the Stmf_h event of July 1962. These artificial cicctma fluxes

ceminumss_ decayed md eza became insicnif_am after abem 1970.
The AE7 cleclron nmdcl (outer mue) grew out of the mr.mainty in the elcctnm pepulation above about 2

McV. Data sets from experimental salellites with energies above 2 MeV were very skelchy and requin_

cxtrapolmioas in mdcr to cover the outer zinc, at Icast out to the gcosynchronous (1. = 6.6) tobit. After many years

of debate and ,4ramarmlysis, NASA imro_ced an "interim" outer zoue _ model called AEI-7. The "I" stood for

intexim; there were two versions, a high and a low, hem:e, the terms AEI-7Hi md AEI-TLo. These models, while

ncva- docuazmcd, wac dlsuibu_ to the user commun_ smund 1977 und bccamc the ou_ zoue clcclnm design
criteria for many satellite programs between 1977 and 1987, even though NASA model AE8 has bccn in existence
sincc 1984.

AE8 was introduced to Ihe user community, on an as requested basis, around 1984. It has a max_,,_n and

a minimum vexsicn to reflect the solax cycle and, more importantly, this model covers the _appcd ek_tron

envirorm_m over the eatire magnemsplw_, not just the ipuer or oute_ zone.
OddlM imegrmiem com_ between AEI-7Hi and AE8 have been made for several nqm_ntative orbits

amd Ihe resulls Mmw that in the 3 to 5 MeV enerlff rmqle Ihe diffenmces me drmuaic. For example, in a half-

synchronous (12 hour) orbit and in a low altitnde polar tobit, the AEI-THi model yields clectroa fluxes which me

higher than the AE8 model by about 2 o_lers of magnitude at 5 MeV, and about a factor of 8 higher at 3 McV.

Became neilher AEI-7 n_ AI_8 have been offJcislly documented nor published by NASA, it is easy to

undersland why Ihere is still some uncerlainty among model users as to which electron environment should be used
in thedesignof a specacrah.
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R.G. Pmeu (1980) concluded that the AEI-7 electron envi_nment predicts total doses which are higher than
measurements by factors of 3 to 6 in the NTS-2 orbit 0mlf-synchronous). Even though the NTS-2

dosi_ dam were accumulated over a one year time span, it was not a solar maximum yea', and ,_ AEI-7 model

is predicated on solar maximum storm time enhancements in the electron environment. Even so, it is suggestive of
an ew_ironment somewhat less severe than the AEI-7 model would predicL

It is hoped that the long term, wide ranging environmental dam sets from the CRRES program will permit
the construction of a more accurate electron and proton model environment; not only consmJction of models which
ale time and space averaged, but dynamic models which are caqpableof handling environmental needsover short times
(hours m days).

A3.2.4. Orbital Integration Codes

Coincident with the development of model environments, it was n_,ognizcd that programs to perform
orbital imcl_m of the ck_ctronand proton fluxes would also be required. Hence, an Orbital Flux Integration
(OFDcedewasdevelol_m_ Over_heyems,almlee,_amdcomclexOFlsymeme_olved. Three
such onmpmm' ondes weee ORB, ORP, and MODEL.

hopa oB is s s_ic orbit-sum,6on snd B-L onnvmm I=oSramm_ r_ _ _t _
which are usod widn isolPsm ORP Io oinin od)iud iniesrakM flwtcs. ORB is a FORTRAN IV pmgrmmfor IBM
machines.Ite_Isitwov_sions, bo4hskllri_acommonMAINpn)i_m. Thetwo__vely Iand

2,comaina]kouw_ odJ IcsoraWrandaLydaneorbkp:neravx.The _ pmelor is more suited m odors
wish_ grimierthin0.1,whiletheLydanegenemiorisbeuermitedfolessecoenu_od)its.

Pmlpmm ORP simldly rakes ehe ORB output ape of any B-L od_ and combines _twi|h ehe MODEL
program(s)m peermmmbi_ nux bnemmimm.

ProgramMODEL isasesiesofdatasetscoMainig eachoftheNASA tra_pedl_-ficleenvironmeuUsuch
asAP8 and_r AFA, AES,es:.

DoeumenwUon on MODEL andORP iscemainedinNSSDC 72-II.

Thue am mhe¢compu0e¢programswhichIn_onn ocb_l imeipa_onsofeidm'elec_m;o¢Ixemnssuchm

theShortOcbi_ FluxImesmtJonProgram(SOF_.. ThiscodeisdocumentedinHSSDC 79-01,pe_shed in

January1979.

A3.3. AFGWC

The Air Force Global Weather Centerand its olT_cersprovide environmcnlai support within the DoD. See

appropiate military olT_ces.

Sources of real-ume databases include:

(1) NOAA - Space Environmental Laboratory
Space Environmental Servic_.sCent,=r
325 Bm_lway, Boulder, Colorado 80303

(2) Chrisml_er Balch (303) 497-3171 (24-hour and 7-day/week line)
(3) oary Hedmmn
(4) AFOWC/WSE

Sources

(1)
(2)

of hisnical dalabases include:.
AWS - USAF/ETAC
Joe Allen and Dan Wiikenson

National Geophysical Dam Center
325 Broadway, Boulder, Colorado 8O3O3
(303) 497-6215



A3.4. NGDC

SpacecraftAnomalyDataandSoftwa_
NationalGeophysicalDataCenter
Solar-TerrestrialPhysicsDivision

AdatabaseofspacecraftanomaliesismaintainedattheSolar-TemsurialPhysicsDivismnoftheNational
GeophysicalDataCenterinBoulder,Colorado.It includesthedate,time,location,andolhctpertinentinfonnmion
aboutincidentsof spacecraftoperationalirregularitieswhichagesuspectedtobeduetotheenvironmenLThese
eveatsrangefromminoroperationalproblemswhichcambeeasilycorrectedIo_t spacecraft failures. The
database includes spaceaaft anomalies in inteq)lamgtm_space _ in near-e.mlhorbit. The majority of the database

congs from g__L About 1600 _ have been _ as of June 1987. The database
includes dam from several nations.

The database is mainla/medon amIBM-comtmible pe_onai compuler in a dBase-lll-type fide. To facilita_
access to the infcmuttioL culom _twase has beem wtitt_ to_ a full ramgeo( functions fog mamaging,
d_ptayin_ md amOz_ t_ comemL The _ Amm_ Mm_ (SAM) sornm_ hm k add0d tgnem or
encouragingoperatarstorelxmtheiranomaliesina unifcxm,n_ly-to-mefennaLSmelliw operators camuse SAM
toaeateaclatalmeccmlahiagcxdytheirammdies andfcxwanllhedataw NGDC (addressbdow) m a_ _
leginduskm inthetumr aghive.

Himusmmsotlocattimeandmaraud fmq_ showd_u_ctproteins_ spKemn _ m uic
clmqptm_p _ ,d_pm_ disc_q_ SAMUgi_m imctiom mdist_ amoma_coUectimmvemms_cal tiae
amdsemen. Wtgwes A3-6 amdA3-7 show these fmgtioms for the GOES mtdlite.

Tlw dB ml _ m_ a_md,j _mild_ cm m_ mM-_mlHil_ floF_diJksford_ _ _ _

S30pcrdisk. CmtuJxamsdantmudydatamayc_tainthedisksonadameachangcbmis. The_ccmactis

Dr.DanielC.Wirzktson,NK)AA Code _, 325 Broadway,Boulder,CO 80303,(303)497-6137,(FTS)
320-6! 37, Telemail: JHAIJA_.
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I S T A T I S T I C S - MO_L¥

Data File: DATA\ANON4H (June 2, 1987)

Data Filter: BIRD_GOES

Date of First Anomaly: March 29, 1981

Date of Last Anomaly: October 8, 1986

NuJber of Days in Thl$ Interval: 2019

Mean Number of Days Between Anoualies:

"' "' I

17.4

Anomaly
Month Count

Jan 5

Feb 8

Mar 12

Apt 29

May 2
Jun 6
Jul 7

Aug 8

Sep 16
Oct 14

Nov 7
Dec 2

TOTAL 116

3O

SPACECRAFT ANOMALIES by MOWl_ for BIR_ES

24

18

12

Jan Feb Nat Apt May Jun Jul Auq Sep Oct Nov Dec

Figure A3-6. Monthly GOES Statistics
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S T A T I S T I C S- LOCAL TIME ]

Data File: DATA\ANOM4H (June 2, 1987)

Data Filter: BIRD-GOES

Date of First Anomaly: March 29, 1981

Date of Last Anomaly: October 8, 1986

NUmber of Days In Tltls Interval: 2019

Mean Number of Days Between Anon_lies: 18.0

Hour Anon Hour Anom

(LT) Count (LT) Count

0 11 12 2
1 9 13 2

2 10 14 3

3 16 15 2

4 12 16 1
5 14 17 1

6 6 18 1
7 8 19 2
8 2 20 0
9 2 21 2

10 O 22 1
11 1 23 4

TOTAL 112

20

16

12

8

SPACECRAFT ANONALIES by LOCAL TINE for BIRD-GOES

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Figure A3-7. Local Time GOES Slal/sLics

A3-1 i



Appendix

4
Available Sensors and Detectors

This_ liasimmmemmion whichhasbeendevdopedm me.me me eevismmem ormmdmr

smomMies, h is lhop_ dml ftum_ ixollmms will use [Ibe_ m"similim"i_tnB_m fro"locM, _ _ d

_ _mKll m_ _ by _msm'um_m_ md im,_igmms m tlds s_d, oe m'e

A4.1 CRRESISPACERAD Experiment Descriptions

M. S. G_ etM. (1985) describe in some derail the complknem of ismnmcms n_dy toffy ms the

CRRES s_L The SPACERAD expcrimems ace shown in Table A4- !.

Table A4-1. SPACERAD Expcrime.nts

Z_max

Micloekcumics Characlerisdcs

ImenmlI)ischar_Monitor
Told Dose Dosimele.r

MOS _ (Tmal Dose)
High Energy E1o_UnonSpecuometcr
Me4. Emq_ FJecuon Specumeter
Med. EnergyEkcuolCPrum SW.uome_
Low F.m_ masma An_ym
Relativistic Plmon Delec_
Pm_ Swilches

ProtonTek¢o_
Ion ComposidooS_Ier
Low _ IonComp. Spectrometer

Heavy_ T_sco_e
FluxgmeMagnetometer

Search Coil Magnetometer

NRIJATC/FST/Telenetics
AFWL/AFGL/JPL
Al=GLPamneu_s
NRL

AR3tJPammeuics

AF_IJ_
AR3L/Emmanuel/Mullard

Aemsl_
/wml_e
AFGL/Bmmma_VMIT
_ms_e/Max ma_
Ae=Spece.CASL
Aemspa=CASL
AR3L/Schomtedt

AFGL/U. of lowa
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Thermal Plasma Probe
Passive Plasma Sounder

AFGL,_. C. Bcrkeley/Analytx/Regis College
AFGL_. of Iowa

It is highly recommended that those see'-.ing experiments to fly include the CRRES instruments in their
evaluations.

A4.2 SOPA Detector (Synchronous Orbit Particle Analyzer)

supplier
Richard Belian, (505) 667-9714, Los Alamos Nauonal Laboratory, P. O. Box 1663, Los Aiamos,
New Mexico 87545.

purpose
The SOPA is a clmurgedparticle analyzer for space t_e. It _s fluxes of energetic electrons,
protons,alphaparticles,andother ionsin a satcllitc'slocale to monitor tie spaceenvironmenL

method of operatiou

The dmector comists of three solid sue _lescepes "looting" in u'hreediffenmt din_tioos rdati_ m
the spacecraft spin axis. Eachlelesco_comistsd athkkbackd-Jector,3000m_neters, anda

Ihim,4 _ fmmtdeggtor with a coifnmted 12° fgld of view.
advautages/uaiq_mes of imtrumeut

The SOPA is designed to momitm"electmmmfrom 50 keY up to -2MeV, protons from 50 keV up
to-50MeV, md alltm immuklesfrom 500 keV up m 1.3 MeV. It also monitors ca'boa, mdu'egm,
and e0tygen ion unh]p_ and all pmtides wilh Z > snlplteg and all pagtick_ wilh Z > slmmim
ala)ve _ energies. Eumlly, Ihe SOPA _.asa very high _ E by dEJdx _ which
Ipmvides a AEDI-_,ED2 mau'ix.

results

weight

size

power

Pmick idauifgatke and enorgy.

<! 1.5 Ib does net include data handlingelectronics.

7"x 12" x 6"

4.0 watts
commands

On/off; PHA mode select; separate enable/disable for each of the six solid state detectors; in-flight
calilnte.

output data

Particle id_tification and energy rate channels, pulse height pairs for E by dE/dx.
special features

High tim: w.solution; protons, electrons, and aipl_ particles for Mithree telescopes are _ampled
every 0.640 seconds. High energy resolution (10 ¢:leclron channels, 12 proton channels, and 5
cad)_, nitrogen, and oxygen cl_._neis). The AEIDI-AED2 matrix is 1024 x 1024 channels

covering-0 to 60MeV on eachaxis.

A4.3 Plasma Spectrometer

supplier
Samuel J. Bane, (5057 667-5308, (ITS) 843-530fg, Los Alamos National La_, P. 0. Box
1663, Los Aiamos, New Mexico 87545.
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purpose
The Plasma Specuomc_ is a detector system used to monimc the plasma mvisomnent
surmmuling its host satellite to evalume the effect of the envirmunem on swcecr_ systems and
mha" insnmentmcm oulx_i. The measurements cm be used m deumnine the _t

charge pmential. Electrons mcl ions are mr,agued from I eV to40keV ove1"-,94% ofthe4x space
surmundU__ spacecr_L

method of operation
Plasma panicles that enter a curved plme electrosmic mmlyzer are bent into six channel ekcum
multipliers (CEM) by use of decaying voltage waveforms on the analyzer plates. Making use of
the spacecraft spin, elecmms and ions me detected in six polar angle ranges extending between +70 °
and _70o, md in 24 azimuthal angle ranges scanneclduring one spacecraft mmdon. Individual
energy sweeps are divided into 40 energy intervals.

advamtages/umiquemess of imtrnmem_
This inslrmnem is designed to memme both electrum and iota with one lightweight package in
orderIocemervespacecrahresources.Both_ _ we delecledinasinglemulyz_ by

mmm ofamkluevoluq|eswiu_u',,Sofme(3EIdfremmclbias.Thesemmrpeckt_,iuclu_
powersugaies,lintwiau_as_g_s_mm (compoeedof_hreecards),weighs7_ pomdsand
rues3_ warn. A simplemodil'r.a_n,whichincludes_e lelpCcmJs inthepackagewould

inm_se Ik weigh by -1.5 grands.
results

weight

size

power

<_g ponds

Fitswidgna6"x 6..5"x 12" vohmue,icludJg IngiccanJs.

4.owls,_ Ingi_
commands

On,if; four mede selects; CEM high vollage level g_clg four pincer mlgply oWoffs;
output data

The outpm dam coum malrices of elecuum and ions _ of comus m 40 energy levels from
CEMs measured in 24 energy sweeps during a spu:ecrafl nwoimion. Various cembinmimm such
as in_'gralion over the six CEMs or uelemetering eve_j-mher-counts-sample can be used to reduce
bit rme requ/uremem_

special features
Ions and electrons from I eV to 40 keV are measured using one lightweight Imcka_ conmining a
single electmstm_ mmlyzer and one set of clmmmelelectron multipliers. Future models me being
dove,loped whid_ will allow comprehensive measurements m be madeovermoa of4g spacefrom

a 3-axis stabilized spacecrafL

A4.4 Pulse Monitor

supplier
Dr. Harry C. goons, (213) 336-6519, The Ae_space _, P. O. Box 92957, Los
Angeles, California 90009.

description
The Pulse Analyzer _ the amplitude ,-_etecuommlO_ emissions in the time domain from
14nslo 16m_ The memmememsme made°n f°m'mm°rg (i) a i°°pamvnm wuund thespace
vehiclecommmddimibution unit, (2) a wire inatypical simcevehiclecablebundle, O)m
exumudslumdiixdeamenna,and(4) a dii0ud commandline to thePulseAmlyzer Packnge.The
winm_ objectiveis to verify that electrical dischargesareoccurringonthe vehicle. Secondary
objectivesme m measure_e pulseamplitudesandslopesproducedby _e discharges.The signal
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weight

size

power

pmcess_ may be switched by ground command to any subset of the four sensors. It then steps
mtmmtically through the selected sensors, monitoring each in turn for 16 seconds. When a signal
e_xl_ the threshold, its amplitude is sampled 16 times to dstcrmine the shape of the pulse. The
16 sa_nples may be spaced logarithmically or linearly. The minimum spacing is 14 us. There are
eight commandable eqptions. The amplitude is measured by a bank of 245 discriminators -- 12
positive and 12 negative. The range of ",hevoltage measurement is 5 mV to2 V. The signal from
each sensor can be attenuated toplace it within this range. The voltage threshold, timing
sequence, and mXemuatioo can be indclxmdemly set for each sensor. The instrument is commanded
by a 22-bit serial digital comn_and. Only the seven least significant bits of the command arc used.
One pulse shape measmement is made each 1/2 second. In addition, there are four counters which
count the number of times in one second that each of four preselec_ thresholds areexceeded.
There are also three analog housekeeping measmements which monitor power and t_mperatm_.

2_

9" x lO'x 2"

10.9 watts

dam r_iilreImlS
256b_tm:

A4_q SSPM

sIpplier
Dr. ,my c. z_o_ (2t3) 336-6519,Tbe _ _ P. o. nox92957.Lm
_r_ Od_eem _009.

descriptien
The Satellite Surface Feumial Monitor (SSPM) measu_s the clurging potentialsandcmems
meeiated with plmm immx_3_ with t_q_ical_ mteriah. Tbe SSPt4 _ the
_mm unlace petential of m isc_tcd sample of mateml by directly measwing _e back surface
veilage. Each mmpleissunmmdedbyagold framewhich isgmundedtoclunaeL Behind the
center of each sample is a vibrating reed eAeclromela which has been calibrated to give the from

surface potential from a measurcn--.mt of the back surface potential. Current through the sample is
measured by a high impedance eicctremet_. Each sample is approximately 6 inchcs square.

weight
3.3 kg

size
13" x13" x 2"

power
4 watts

data reqmire_als
96 I_ts/sec

A4A 2(I Plasma Analyzer

supplier
Dr. J. F. Fenndl, (213) 336-7075, The _ Corporation, P. O. Box 92957, Los Angeles,
California 9O0O9.
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description
The2dPlasmaAnalyzerisatoroidaldesignwhichrne_sur_electronsand_ over 180° to 360 °
in a plane, depending on the configuration used. The field of view is fan shaped and, on a spinning
spac_raft, will provide a three-dimensional _ment of the plasma disl]ibutions. The energy
range covered is 50 eV to 30 keV and the geometric factor is on the order of 103 cm2 sr keV. The
suiq)ot_g digital electronics and satellite interface (DPU) is in a separate package.

weight
5 kg for sensor, 2."-_kg for DPU

size

26x21 x 25 cm, DPU 26 x 21 x8cm

power
12 watts

data requirements
2275 bps

A4.7 ID Plasma Analyzer

supplier

Dr. J. F. Fennell, (213) 336--"/075, The Aeroqmce Corpmmion, P. O. Box 92957, Los Angeles,
Culifemia 90009.

description
The midiseak)mi Ptasma Analyaur is a self.ccmain_ unit whkb measures ekettons and ions in
the eaetgy tinge 50 eV,q to 30 keV/q widm a 20" x 200 fgld of view. The sensor,analog,and

digital eloc_ plus the sa_llite imcrface, me contained in one package.
weight

4.5 ks
size

26x21 x 17cm

power
6.5 W

data requirements
3o0 bps

A4.8 Internal Discharge Monitor

suppher

Dr. Paul Robinson Jr., (818) 354-3882, Jet Propulsion Lalxwato_, 4800 Oak Grove Drive,
Pasadena, Califontia 91109.

purpose
The pulx)se of the Internal Discharge Monitor 0DM) is to detect and n_corddischarges in samples
that build up a charge duem peneuadngradiation. Each sample is enclosedin itsown RF-tight
minilx)x so that the instrument does nnt detect transients other than those from the sample. There
is a thin cover which allows room high energy electrons to penetrate,butexcludeslow energy
iwttct_

method ot operatloe

A _ response time evc_ detector register3 which sample in the samite tray of 16
smnples discharp_ l_.esults are telemete,ed down at a very slow rate. IDM was originMly designed

to fly on CRRES, which is well instrumented to allow correlation of discharges with the
envimmnau.

advamtases/mdqueu_ss of IHtrument
This insu_aw_t does not record ve.,y many false events. This is due in part to the careful isolation

of each sample. Samples should be chosen for the mission. For example, typical malerials from
the spacecraft itself could be flown along with well cultl_w_l materials from previous flight_
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results

weight

size

power

Resu_ are discharges for each sample as a function of time. The threshold trigger can be crudely
set.

38 pounds for 16 samples

12.5" x 10.875" x 9.675"

10 watts

data requirements
2 bps: commands: on/off, attentuateeach channel, calibrate; output data: sample which discharged,
S/C clock.

special features
Funee modeh will include a high speed digitizer to capture pulse height and shape information.

A4.9 FMDS: An Automatic Plasma.Coatactor System for Spacecraft Potential Control

supplier
Begt Shemm at the Ak Fmr,e Geephysics _, (617) 377-3991, or Ron Robson at Hngbes
Resea,d, _ (213) 317-5391.

summary
Tbe j_k j4odd [kO,.,_ Sys,_ _) Jsa mique spec_xaJt-duJg_-coma systemwhich
automatkally monitms envimnngn_ _ that indicate tbe develepna_ of a charging
Imzagdami acliva_ the SPACECX,AMP plasma somce to protect tbe _a_gal_ in the evel a
Imaadis detected. E_IDS is imenduiforz_vi:eoa geesyndaomus-_(GEO) _et_r_t.

iutroductiou
As _ in Ctujaa 7. jt hasbeen denmsnzd that,Jz operatimof a smaU_ plasma
sauce, calledaplasmacentac_, can_ qncecraftcb-_ging, the_ a_oidingESD hazmds
andaffotdi_ newix_ntisl-controi capabilityto scientificslncec_t. To employa plasma
coma :tm in _, however,r_iui_s either tha: the plasma contac_ be opetmed continuously
for the life of the _t, or that some form of electronic intelligence be added to enable the
system Io determine when the contacgg should be activated. The former (c,onlin_)
appmegh requiges both urmecessagily massive tankage of the plasma contactm's working gas and aR
_y tongi_Lunu_nucux lit'crime.The truer(intenigent-system)_ often

advantages not only o(ge2:ged tankage and ¢q_rafing-lifetime requ_ but also of

epmtimml flexibilityandautonomy. In this A4plgndix,we brieflydescribethedesign and
_g dmtacterislics of the intelligent spacecraft-charging control system being built at Hughes
Research Labmmmy (Contract No. F19628-83-C0143). The system is called the Flight Model

Dudu.ge System (FMDS).
Figure A4-1 shows a black diagram oft_e FMDS, and Figure A4-2 shows its physical

layout. The system consists of a Hughes SPACECLAMP plasma contactor, which provides: the
mrfa_- and frmne,-neutndizingflow of iow.etgrgy plasnu: a number of sensors, which measure
en_maamtj pmpe_k_ aud a t_-based contrtdleg, which inteqm_ the sensor data to
_ k pesenceofac_Bingbairdaudc_=tes_e _ ccmsc_r_ongh _ as_cia_d
pm_ supldiesml gas-feeds_tcm. This ideawasdcscrilx_linClup_r 7: I_r¢ wedescribetbe
semm_ coawoiler, md _ of the FMDS.
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SATELLITE INTERFACES
(POWER, COMMAND, AND TELEMETRY)

POWER

ESA

INTEI:B/¢
ANTENNA ANTENNA

CONTROLLER

13ml.lOl_

FEED

SYSTEM

GAS FEED

PLASMA PLASMA 1SOURCE GENERATOR
ELECTRONICS

Fnsure/v_l. SP_ Bkck Dqmm

A4.9.1 FMDS EmviroemeMM Seniors

seaun cmid on Fldl_ ,re simiJ_ [with I1¢ ¢¢cpm of IJZtrJsim pube __,

__i__y. _y _l_c_ m/___(_Ai_A
__), two _ace _ monilo_ S_s, / • TPM. The hmcliom of _ _ am_ in
Table/Ul--2.

In • _ dmqling ¢w_ the scqucjce o(¢vcnts millJMbe as foilow¢ (!) a mqnai¢ sulmmm
dcvebps,wi_ ¢z mmdm ijec_m eC_n_-naZy aemom imoUz bcdc oC¢z spa_r_ (2) sufacedi=Ja:ek=
c_ (3) _ _ _ _ _ _I(4) _ _m _ _t_ _to

_h¢ ins•morns insem in d_ FMI_: eachiessrumcmb Calmbleof daJectil ¢vcms_ to a lmdcul_
plme o(01e _ o( ¢lJeclmg_ eve_ The eESA dem_ dte cknge in Ihe e_ q_clmm
corrcspomk_ mnk= bo_koron is_ dm klcmir=s _c bclOm_ o(_1_ clml_ _ The SPMs, which
a_m_ d= pmm_ of bolaml didccuics rcl_vc m brae imemiM, dm_ diff_mdM _. The iliA cm

dcux_ frmw d_llMI bee•m= m) iota will bc
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Fqpn A4-2. FMDS La_o_

rn_ i._._d. Finny, _'rPM k_.er_s _.rr_ a_ by_ _ml_deof
d,_:_k:al_ bod_ins_ mdous_ d_ Fro,by cal_ d"Cw_L If twosignalsare
dm_miu_Imt, md lhe mmuklcsillmd IresIsq_ mnpliludc, it is judged m be i_ sillnmure of m
ESD even,.

TMde A4-2. FMI)S hmnmem Funcliom
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lon emeqy specm
Pom,_l of i_m_l die.kcu_

F.Im_ic f_kl isMc md oumidc WacecrMt

Subsmmmomm

Spm_m_dmrp_

Sudac_ PSI)



A4.9.2 FMDS Comtroller

TheFMDScmmollerisamicmpngemor-beseddevicethatservesthreeprincipalfunctions:
(I) it processes_mi data ,o decide when a charging Imzaadis wesent,
(2) it turns the SPACECLAMP plasma contacttx on and off as required, and
O) it wovides telemetry data to the spacecraft and _ce_ and executes c_amands received fromthe

spacecraft
The FMDS controllernormallyoperatesina4-secondcycle,duringwhichitacquiresdatafromallofthe

instruments,executesalgorithmstodetermineifacharginghazardnspresent,assuresthattheplasmacontactorisin
the¢ksin_operatingmode,sendstelemeurytothespacecraftifitisrequested,andlooksforcommands being_nt

fromthespacecrafLInthisautomaticnmde,FMDS iscompletelyautmmnmus,requiringno qmcecraftorground

activitytoWotectthespacecraftfromcharging.A numberofothermodesatealsoavailable,whichincludethe

calpebilityfog mmmualoperation of the SPACECLAMP iMasmacontactcg from the grmmd.
Cmrmumdsto the FMDS couuron_ra_ used to chan_ the cqpemtingmode,m _ __ W _

down or mal them off from comidmatm in the charging algorithms, to clmm_ _ _m _ __ in
thecmmrgiqmmdSP_..cum_ ,m_ mm_if dk_Rd, to _write tlg ,bgm_bmsthcm_ves. This
commmd c_pmbili_M_rds _mmmmdkmscqimbili_ Io fme_mc FMDS _ wlJe it is imservicem _

A4.10 C_lmlim8 COmmemts

FMDS is, miq_ d,mt_-comma sys,m wind:mrmmmmmic,_ mom,imm¢_imnmmmm_ _
Mdicaaetag dmaopmem of s ¢dmrgingImp! and acdles _e SP_ lmaOc_ dt_ce i d_eewmt s
Imwd isdcm:u_ (SP_ iscapablcd ipkion m km dine a secm_ k is shindo_ arm a ]L_ _me
pem_l if IIl_u is mon_maMJll evidem_ d a chas'lliq emvummem.)

euJL oo_lllamBmr iqmmmG OFF_: 1MI9-600-OOO/00O27

A4-9



Ik

J

/

Bm

ip

%


